REMARKS 

I. Status of the Claims 

Claims 1-29 were pending. The Examiner has made the Restriction 
. Requirement, including the "additional election" requirement, final and withdrawn claims 
11-29 from consideration under 37 C.F.R. § 1.142(b) as being drawn to non-elected 
inventions. Office action page 3. The Examiner states that claims 1-10 together with 
the elected Type VI FACIT and decorin are under examination to the extent that they 
are drawn to the elected invention. Id. Claims 1-10 have been rejected under 35 
U.S.C. § 1 12, second paragraph. Office action pages 4-5. 

With this Amendment, Applicants cancel non-elected claims 1 1-29. Applicants 
also amend independent claim 1 to recite the elected invention wherein the FACIT is 
Type VI collagen and the SLRP is decorin, and cancel claims 6 and 7 which recited the 
Markush groups of FACITs and SLRPs for use in the method of claim 1 . Applicants 
reserve the right to file one or more divisional applications for the non-elected subject 
matter. Because the Examiner required restriction rather than a species election with 
respect to the Markush members of original claims 6 and 7, Applicants understand that 
each composition used in the method of claim 1 has been treated by the Office as a 
separate invention which may be prosecuted in one or more divisional applications. 

Claims 1,2,4, 8, and 9 have been amended to clarify the claims and to limit the 
claims to the elected invention. These amendments are supported throughout the 
specification and original claims. In particular, claims 1 and 9 have been amended to 
correct informalities objected to by the Examiner, to clarify the nature of the stabilizing 
agent, and to limit the claims to the elected invention. These amendments are 
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supported throughout the specification and original claims. For example, pages 13-14 
of the specification describe the general method for maintaining a desired shape of 
corneal tissues following an orthokeratological procedure. Page 7 of the specification, 
original claims 6 and 7, and the working examples each support that type VI collagen is 
a FACIT and that decorin is a SLRP for use in the methods of the invention. Claim 2 
has been amended to clarify that "a patient" is the patient of claim 1. Claim 4 has been 
amended to clarify that it is the diameter of the fibril that is controlled by the stabilizing 
agent, as supported in original claim 4 and in the specification on page 14, first full 
paragraph. Claim 8 has been amended to clarify the antecedent basis, as supported in 
the original claim and in the specification on, for example, page 13 at the second full 
paragraph. Claim 9 has been amended to address the Examiner's objection to "the 
step of a." by deleting this recitation. Claim 9 has also been amended to clarify the 
nature of the stabilizing agent, as supported, for example, in Example 4 on pages 17- 
20. 

II. Amendments to the Specification 

The Examiner objected to the specification in several locations for failing to 
provide the full name of a technical term before using an abbreviation. The terms are 
sufficiently well-known in the art that they should not require further explanation. 
Nevertheless, in order to expedite prosecution, Applicants have amended the 
specification as requested by the Examiner in all locations where the term was not 
defined. For each of these amendments, Applicants provide evidentiary references to 
support that the abbreviations in the specification had an art-recognized meaning at the 
time the application was filed. For example, van der Rest et al. (J. Biol. Chem. Vol. 260, 
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pp. 220-225 (1985)) establishes in Figure 6 that "NC3" was an art-recognized 
abbreviation for the third noncollagenous domain of collagen. Lee et al. (Proc. Natl. 
Acad. Sci. U.S.A. Vol. 88, pp. 2768-2772 (1991)) provide in their "Abbreviations" section 
on page 2768 the abbreviations for basic fibroblast growth factor and 
glycosaminoglycan. Likewise, Sukurai et al. (Proc. Natl. Acad. Sci. U.S.A. Vol. 94, pp. 
6279-6284 (1997)) provide the standard abbreviations for epidermal growth factor and 
transforming growth factor in the "Abbreviations" section on page 6279. The recognized 
abbreviation for transmission electron microscopy is provided in the Abstract of Al- 
Ghoul et al. (Mol. Vision Vol. 5, pp. 6-12 (1999)). 

Applicants submit that an amendment to the specification to disclose the full 
name for a term originally presented by an art-recognized abbreviation, particularly 
given the context of the abbreviation, does not introduce new matter into the 
specification. 

III. Objection to the Declaration 

The Examiner states that the declaration is defective because Inventor Bruce H. 
DeWoolfson appears not to indicate whether he is a US citizen. 

Applicants note the Declaration provides a box labeled "Citizenship" in which 
"US" is typed for both Inventor DeWoolfson and Inventor DeVore. The typed "US" in the 
Citizenship box is sufficient to indicate the citizenship of the inventor as required by 35 
U.S.C. § 25, 37 C.F.R. § 1 .63, and M.P.E.P. § 602. The typed indication of U.S. 
citizenship is consistent with the typed entry of other data on the Declaration. If after 
reviewing the Declaration the Examiner intends to maintain his objection, he is 
requested to contact the undersigned prior to issuing another Office action. 

9 



IV. Objections to the Specification 

The Examiner has objected to the specification at several locations for failure to 
provide the full technical term prior to use of an art-recognized abbreviation. Office 
action page 4. The Examiner has also required an Abstract on a separate sheet. Id. 

Applicants have amended the specification to ensure that the full term is provided 
before the first use of the noted abbreviations. As detailed in the discussion of the 
amendments in Section II, these amendments do not add new matter. Applicants note 
that the first occurrence of "BM" is defined on page 10 in the last sentence of the 
second full paragraph. Applicants, therefore, have not amended the second occurrence 
of "BM" pointed to by the Examiner. A new Abstract has been provided as an 
attachment to this Response, as requested by the Examiner, and a request that the new 
Abstract be entered included in the Amendments to the Specification section of this 
Response. Applicants believe the Examiner's objections have each been addressed 
and request their withdrawal. 

VI. Objection to the Claims 

The Examiner objects to claims 1 and 9 and requests that the "a." before 
"administering to..." be deleted. Office action page 4. Applicants have complied with 
the Examiner's request and therefore ask that the objection be withdrawn. 

VII. Rejections under 35 U.S.C. S 112. second paragraph 

The Examiner rejects claims 1-10 under 35 U.S.C. § 1 12, second paragraph for 
failure to particularly point out and distinctly claim the subject matter Applicant regards 
as the invention. Office action page 4. The Examiner rejects independent claims 1 and 
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9 as indefinite because it is unclear whether the stabilizing agent is made from, 
formulated from, or chosen from the recited composition. Id. The Examiner also rejects 
claim 1 for unacceptable Markush language. Id. Claim 2 is rejected for lack of clarity 
with respect to whether the patient is the same as in claim 1 from which claim 2 
depends. Office action page 5. Claim 4 is rejected because the Examiner considers 
the language awkward. Id. Claim 8 is rejected for lack of antecedent basis for the 
limitation "the concentration". Id. 

Although Applicants believe the claims as originally presented particularly 
pointed out and distinctly claimed Applicant's invention, in the interest of expediting 
prosecution Applicants have amended the claims to address the Examiner's concerns. 
In particular, Applicants note with respect to the amendment of claim 1 that M.P.E.P. § 
2173.05(h)(ll) indicates that it is acceptable to recite "collagen or decorin" without the 
use of Markush language. The amendment to claim 4 is supported on page 14 at the 
first full paragraph, which discloses that the stabilizing agent controls fibril diameter. 
Claim 8 as amended clarifies that antecedent basis exists in claim 1 by further defining 
the stabilizing agent of claim 1. Applicants therefore respectfully request that the 
Examiner withdraw the rejection under 35 U.S.C.§ 112, second paragraph, as applied to 
the amended claims. 

CONCLUSION 

In view of the foregoing amendments and remarks, Applicants respectfully 
request reconsideration and reexamination of this application and the timely allowance 
of the pending claims. Please grant any extensions of time required to enter this 
response and charge any additional required fees to our deposit account 06-0916. 
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Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, LLP. 



Dated: September 27, 2004 




David W. Hill 
Reg. No. 28,220 
(571)203-2753 



Attachments: New Abstract 
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ABSTRACT 

Two types of compositions having an eye-drop delivery system are used 
during or after an orthokeratology procedure to prevent or retard relaxation of corneal 
tissue back to the original anterior curvature of the cornea. Each composition functions 
independently from the others and is a different approach of preparing a stabilizing 
agent. The first composition is directed to a biologically compatible composition 
comprising fibril associated collagens with interrupted triple helices (FACITs) and/or 
small leucine-rich repeat proteoglycans (SLRPs). The fibril associated collagen family 
includes various types of collagens, such as type VI, type XX, type XII, and type XIV. 
The small leucine-rich repeat proteoglycans family includes decorin, keratocan, 
biglycan, epiphycan, lumican, mimecan, and fibromodulin. The second composition 
includes the enzyme found as a normal component of tissues, plasma, or epidermis, 
such as transglutaminase. 
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The Internalization of Posterior Subcapsular Cataracts (PSCs) in 
Royal College of Surgeons (RCS) Rats. I. Morphological Charac- 
terization 

Kristin J. Al-GhouI^Kurt L. Peterson^Jer. R. Kuszak 1 > 2 

Departments of 'Pathology and Ophthalmology, Rush-Presbyterian-St. Luke's Medical Center, Chicago, IL 

Purpose: To document lens ultrastructure during and after internalization of posterior subcapsular cataracts (PSCs) in 

Royal College of Surgeons (RCS) rats, a model for human autosomal retinal degenerative disease. 

Methods: RCS rat lenses at 2, 2.5, 3, 4, 6, 9, 12, and 1 5 months old were enucleated and fixed. For light and transmission 

electron microscopy (TEM), lenses were embedded in epoxy and sectioned along the visual axis. For scanning electron 

microscopy, lenses were dissected to expose the posterior fibers in concentric growth shells down to the internalized PSC 

plaques. 

Results: Overgrowth of the plaque began between 8 and 9 weeks postnatal and proceeded from the periphery to the 
posterior pole. This is in contrast to PSC formation which begins centrally and enlarges radially between 4-6 weeks 
postnatal. Peripheral-to-central overgrowth resulted in the formation of a convexo-concave, disk-shaped suture plane 
oriented parallel to the capsule. The initial fibers overlying the plaque were extremely flattened at their posterior ends. 
However, by 3 months postnatal, fiber ultrastructure was relatively normal and displayed only minor morphological 
irregularities. These temporal and structural changes were used to create 3-dimensional computer assisted-drawing (3D- 
CAD) reconstructions and animations. TEM examination of plaques revealed scattered fiber defects such as membrane 
whorls, globular aggregates and intracellular voids in both the internalized plaques and the initial overgrowth. The inter- 
nalized PSC plaques had comparable morphology in all animals, regardless of age. Specifically, the posterior segments of 
fibers were enlarged and curved abnormally toward the capsule. 

Conclusions: PSC plaques are not internalized and broken down in the classical cell biological sense (i. e. via lysosomal 
degradation). Rather the plaques retain their structure indefinitely as lens growth proceeds (albeit not entirely normally). 
This demonstrates that the lens has a restricted ability to respond to growth defects and effect a limited recovery after PSC 
formation. 



The Royal College Of Surgeons (RCS) rat is an animal 
model for autosomal recessive retinitis pigmentosa (ARRP) 
wherein the retinas of RCS rats spontaneously degenerate be- 
tween 2 and 6 weeks postnatal [1,2]. These animals also de- 
velop bilateral posterior subcapsular cataracts (PSCs) which 
can be detected by slit lamp examination at 7-8 weeks of age 
[3]. Hence, the RCS rat is also a useful model for PSC asso- 
ciated with ARRP. 

Our recent investigation of RCS rat PSCs [4] demonstrated 
that cataract formation occurs from four to six weeks postna- 
tal and results from a growth malformation affecting the pos- 
terior segments of elongating fibers. Specifically, the poste- 
rior fiber ends curve away from the polar axis toward the vit- 
reous and enlarge into ovate globules under the capsule, form- 
ing a PSC plaque. Consequently, plaque formation precludes 
normal posterior suture formation during posterior subcapsu- 
lar cataractogenesis. 

It has been reported that subsequent to PSC formation, 
75% of animals "recover" by internalizing the PSC plaque via 
new growth, while the remaining 25% of animals develop 
mature cataracts by 9-12 months of age [3]. In lenses with 
internalized PSCs, new fiber growth over the PSC plaque is 



Correspondence to: K. J. Al-Ghoul, Ph.D., Department of Pathol- 
ogy, Rush-Presbyterian-St. Luke's Medical Center, 1653 West Con- 
gress Parkway, Chicago, IL, 60612; Phone: (312) 942-6871; FAX: 
(312) 942-2371; email: kalghoul@rush.edu 



transparent and thus has been characterized as healthy [5]. 
However, transparency alone does not ensure good optical 
quality. Recent structural analyses in various types of lenses 
has shown that excessive disorder due to abnormal suture for- 
mation is correlated with a decrease in optical quality [6-8], 
The aim of this investigation was to characterize the ultra- 
structure of internalized PSCs and the posterior portions of 
overlying lens fibers as a function of time after internaliza- 
tion. 

METHODS 

Lenses: RCS rat lenses at 2, 2.5, 3, 4, 6, 9, 12, and 15 months 
(n = 6-8 animals per group) were utilized in this investigation. 
All animals were treated in accordance with the ARVO State- 
ment for the Use of Animals in Ophthalmic and Vision Re- 
search. Animals were euthanized by intra peritoneal injection 
of sodium pentobarbital and the eyes were enucleated. The 
tissue posterior to the ora serrata was removed and the re- 
maining anterior portion of the eye was immediately placed 
into fixative. Some RCS rat lenses were obtained from breed- 
ing colonies maintained at Alcon Laboratories Inc., Ft. Worth, 
Texas and at Columbia University, NY (kindly provided by 
Dr. K. Bhuyan). In these cases, lenses were placed in fixative 
after enucleation and dissection from the orbit, then shipped 
to the laboratory by overnight express. 

Fixation: Lenses were fixed by one of two methods: (1) 
24 hours in 10% buffered formalin, then 2 days in 2.5% glut- 
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araldehyde in 0.07 M sodium cacodylate buffer with fresh fixa- 
tive daily, or (2) 3 days in 2.5% glutaraldehyde in 0.07 M 
sodium cacodylate buffer with fresh fixative daily. All lenses 
were washed overnight in 0.2 M sodium cacodylate buffer, 
then examined under a dissecting microscope (Zeiss, New 
York, NY) and photographed. Color slides of whole lenses 
were digitized using a Polaroid Sprint Scan 35 (Polaroid Corp., 
Bedford, MA) operated with Adobe Photoshop version 5 
(Adobe Systems Inc., San Jose, CA) on a pentium pc plat- 
form. 

Scanning Electron Microscopy: To expose the PSCs, 
lenses were either split along the optic axis or dissected as 
previously described [4]. Briefly, superficial fibers were peeled 
away from the lens around its entire diameter, resulting in cres- 
cent-shaped groups of fibers and the remaining lens core. 
Subsequent layers of fibers were removed in the same manner 
until the internalized PSC was visible on the lens core. Both 
the superficial fiber "peels" and the remaining lens mass were 
collected and processed for SEM. 

Specimens were post-fixed in 1 % aqueous osmium tetrox- 
ide at 4 °C overnight, washed in cacodylate buffer, and dehy- 
drated through a graded ethanol series. After overnight dehy- 
dration in absolute ethanol, the alcohol was replaced through 
a graded series of Freon 113. Specimens were critical point 
dried in Freon 13 in a Balzers CPD 020 (Balzers, Hudson, 
NH), secured on aluminum stubs with silver paste, sputter 
coated with gold and examined in a JEOL JSM 35c scanning 
electron microscope (JEOL USA, Peabody, MA) at 1 5 kV. 

Light Microscopy/Transmission Electron Microscopy: 
Lenses were post-fixed overnight in 1% aqueous osmium 
tetroxide at 4 °C, then washed in cacodylate buffer and dehy- 
drated through a graded ethanol series to propylene oxide. 
Lenses were infiltrated and flat-embedded in epoxy resin. For 
light microscopy, embedded lenses were bisected along the 
optic axis with a jeweler's saw and 1-2 |im thick sections were 
cut using a glass knife. Sections were stained with a 1 : 1 mix- 
ture of methylene blue and azure II, then mounted on glass 
slides with permount. Light micrographs were taken on an 




Figure 1 . Light micrographs of whole, fixed RCS rat lenses. (A) The 
posterior aspect of a 3 month old lens showing a PSC plaque. Be- 
cause internalization of the PSC commences between 8 to 10 weeks, 
the plaque is only covered by about 0.2 mm of new growth and con- 
sequently still appears very prominent. (B) An equatorial view of a 
6 month old lens demonstrating the internalized plaque (arrow) cov- 
ered by approximately 0.5 mm of new growth. (C) Posterior view 
of a six month old lens showing an abnormal suture pattern. Instead 
of the typical inverted Y pattern, this lens had a smaller, 5-branched 
suture pattern. 



Olympus Vanox AHBS3 photographic microscope (Olympus 
America Inc., Melville, NY). 

For TEM, mesas were positioned to include portions of 
both the PSC plaque and the initial overgrowth. Thin sections 
were cut at 60 nm with a diamond knife (Diatome, Ft. Wash- 
ington, PA) on a Sorvall Ultratome V 2088 microtome (LKB, 
Washington, DC). Sections were mounted on uncoated 200 
mesh Hex grids (Electron Microscopy Sciences, Ft. Washing- 
ton, PA), stained with uranyl acetate and lead citrate, then ex- 
amined on a JEOL JEM-1200EX transmission electron mi- 
croscope (JEOL USA, Peabody, MA) at 60 kV. 

RESULTS 

Whole lenses from 2 to 3 month old RCS rats displayed su- 
perficially located speckled posterior opacities (Figure 1A). 
When viewed along the equatorial axis (Figure IB), the PSCs 
were located progressively deeper within the lens as a func- 
tion of time. Although fibers overgrowing the PSC were trans- 




Figure 2. Light micrographs of thick axial sections at the posterior 
pole during the initial stages PSC internalization. (A) At 2 months 
postnatal new fiber growth had accumulated at the periphery of the 
plaque (arrows) but had not yet overgrown the PSC. (B,C) Non- 
adjacent serial sections from a 3 month old RCS rat lens. The plaque 
(P) was completely internalized by new fiber growth. The suture 
plane formed subsequent to plaque overgrowth is demarcated by ar- 
rows (B). At higher magnification (C) it can be seen that overgrowth 
of the plaque began marginally and advanced to confluence at the 
pole. The posterior ends of new fibers interfaced with the upturned 
ends of fibers in the plaque, forming a convexo-concave, disk-shaped 
suture plane parallel to the capsule (arrowheads). 
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parent, posterior suture formation was abnormal as indicated 
by the lack of a typical inverted Y pattern (Figure 1C). 

Light microscopy of thick axial sections demonstrated that 
at 2 months postnatal, new fiber growth had accumulated ad- 
jacent to the plaque (Figure 2A, arrows). The posterior ends 




Figure 3. Scanning electron micrographs depicting the morphology 
of the initial fibers overlying the plaque in 2.5-3 month old lenses. 
(A,B) The posterior ends of fibers overlying the plaque were ex- 
tremely flattened (asterisks). (C) The posterior portion of a fiber 
peel obtained from dissection of a 3 month old RCS rat lens. Even at 
low magnification it was apparent that fiber morphology was normal 
along fiber length but not over the plaque. During internalization of 
the PSC, each successive shell of fibers terminated progressively 
closer to the posterior pole (PP), resulting in peripheral to central 
overgrowth of the plaque. Higher magnification (inset) demonstrat- 
ing the irregular, branched, terminal extensions of fiber ends overly- 
ing the plaque. 



of upturned fibers comprising the PSC plaque were separated 
from the capsule. At 3 months postnatal, the plaque was corn- 




Figure 4. Scanning electron micrographic magnification series of a 
fiber peel taken from a 2.5-month old RCS rat lens. A view of the 
entire peel (A) shows fibers that had approached the anterior pole 
(AP) displayed normal opposite end curvature to form a suture branch 
(arrow), whereas fibers that had approached the posterior pole (PP) 
interfaced with the ends of upturned fibers in the plaque. Note that 
the overgrowth had not yet reached the posterior pole in this speci- 
men. At higher magnification (B), the posterior ends of fibers di- 
rectly over the plaque displayed concavities which were complemen- 
tary to the enlarged ends of fibers comprising the plaque. The poste- 
rior ends of fibers also lacked fiber-fiber interdigitations (C) which 
were present along the rest of the fiber length (arrowheads). 
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pletely internalized by growth of new fibers (Figure 2B). Over- 
growth of the PSC began at the perimeter of the plaque and 
progressed centrally to confluence at the posterior pole. Dur- 
ing overgrowth of the plaque, the posterior ends of new fibers 
abutted with the enlarged fiber ends in the plaque (Figure 2C), 
forming an abnormal, convexo-concave, disk-shaped suture 
plane oriented parallel to the capsule (with the convex surface 
facing the posterior). After the PSC plaque was completely 
overgrown, new fibers abutted with each other in the conven- 
tional manner [9,10] to form suture planes perpendicular to 
the capsule (Figure 2B, arrows). However, as demonstrated 
in Figure 1C, posterior suture patterns were not normal. The 
functional implications of abnormal suture formation during 
PSC internalization have been explored in a concurrent inves- 
tigation [11]. 

Scanning electron microscopic examination of the initial 
fibers overlying the plaque showed that their posterior ends 
were extremely flattened (Figure 3A,B, asterisks) and had ir- 
regular, branched, terminal extensions (Figure 3C, inset). This 
is in contrast to the slightly- flared fiber ends characteristically 
seen at sutures [12]. Inspection of fiber peels obtained during 
lens dissections revealed that fiber morphology was normal 
except over the plaque (Figure 3C and Figure 4A-C). In some 
lenses, the posterior ends of fibers directly over the plaque 
displayed concavities which were complementary to the en- 
larged ends of fibers comprising the plaque. The concave ends 
of fibers also lacked fiber-fiber interdigitations (Figure 4C, 
arrowheads) which are typically present both at fiber ends and 
along the rest of the fiber length in rat lenses [4,12]. In addi- 
tion, it was apparent that during internalization of PSCs, each 
successive growth shell of fibers terminated closer to the pos- 
terior pole (Figure 3C and Figure 4A,B). 

Transmission electron microscopic observations of the 
plaque and initial overgrowth were completely consistent with 




Figure 5. Transmission electron micrograph of the internalized PSC 
at 3 months postnatal. A low magnification overview demonstrates 
the enlarged, ovate ends of fibers in the plaque (asterisks), the thin, 
irregular fibers that covered the plaque (squares) and the flattened 
hexagonal profiles of relatively normal fibers from more external 
growth shells (black dots). 
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features noted by light and scanning electron microscopy. The 
ovate profiles of fiber ends in the plaque were overlain by 
attenuated, irregularly-shaped fiber ends which, in turn, were 
overlain by flattened, hexagonal profiles typical of cross-sec- 
tioned fibers (Figure 5). Scattered defects such as membrane 
whorls, intracellular voids, and small globules were located 
in both the plaque and initial overgrowth (Figure 6). How- 
ever, there was no evidence of wide-spread breakdown of the 
internalized PSC. 

Precise dissection of RCS rat lenses to a diameter of 2.5 
mm (equivalent to 6 weeks postnatal) exposed the internal- 
ized plaques for SEM evaluation. In animals 3 to 15 months 
old, internalized plaques were structurally similar regardless 
of the length of time since internalization occurred (Figure 7). 
Specifically, the plaques were composed of enlarged, 
globulized fiber ends abnormally curved towards the capsule 
at all ages examined. 

DISCUSSION 

In this study, correlative LM, SEM and TEM have elucidated 
the structure of RCS rat lenses during and after PSC internal- 
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Figure 6. Transmission electron micrographs of morphological de- 
fects in the internalized plaque and early overgrowth in RCS rat lenses. 
(A-D) Commonly observed defects included membrane whorls (ar- 
rows), intracellular voids (asterisks) and small globules (arrowheads). 
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ization. Precise characterization of fiber morphology through- 
out PSC formation [4] and internalization was utilized to cre- 
ate 3-D CAD reconstructions (Figure 8 and Figure 9) and an 
animation (Figure 10) depicting these events. Figure 8 sum- 
marizes PSC formation from 2 to 6 weeks. Figure 9 outlines 
the initial internalization of PSC plaques from 8 to 12 weeks. 
The 3D-CADs in Figure 8 demonstrate that the PSC was due 
to a growth malformation which affects the posterior segments 
of each successive growth shell of fibers, resulting in gradual 
plaque formation. In a similar manner, as shown in Figure 9, 
plaque internalization was accomplished progressively as each 
new growth shell of fibers extends closer to the posterior pole. 
The rate of PSC formation and internalization was therefore 
dependent on the growth rate of the affected lens (and would 
be expected to be more rapid in juvenile rat lenses as com- 
pared to mature human lenses). 

The initial internalization of the PSC created an abnor- 
mal suture plane parallel to the capsule and essentially per- 
pendicular to the optic axis. Since sutures are regions of natu- 
rally occurring disorder which have a measurable negative 
effect on lens optics [6-8], the addition of an abnormal suture 
plane directly across the optic axis would be expected to ad- 
versely affect lens function. In fact, laser scan analysis of 
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recovered RCS rat lenses implied that the light path was ob- 
scured in central locations [11]. Conversely, there are two 
factors which may exert a positive influence on the optics of 
recovering lenses. First, the posterior ends of new fibers 
formed concavities which covered the irregular surface of the 
plaque, effectively minimizing extracellular space between the 
two disparate regions. Second, relatively normal fiber mor- 
phology was reestablished rapidly (within only a few growth 
shells), restoring the ordered array of radial cell columns and 
suture patterns which are optimal for lens optics. Once again, 
analysis of the optical quality of RCS rat lenses after recovery 
from PSC confirms the importance of correctly-formed su- 
ture patterns in minimizing light diffraction [11], 

It is generally presumed that human PSCs, regardless of 
etiology, are the result of dysplastic cells which migrate pos- 
teriorly and aggregate at the posterior pole. However, recent 
evidence indicates that this may be incorrect for PSC associ- 




Figure 7. Scanning electron micrographs of internalized plaques at 
4, 9, and 15 months old. The PSC plaques displayed consistent struc- 
tural features at all ages examined. Specifically, the plaques were 
composed of markedly enlarged and irregular posterior fiber ends 
aberrantly curved toward the capsule. (A) 4 month old lens split 
along the optic axis. (B) Enlargement of boxed area in (A). (C) 9 
month old lens dissected to expose the PSC. (D) Enlargement of 
boxed area in (C). (E) 15 month old lens with the PSC partially 
exposed. (F) Enlargement of boxed area in (E). 



Figure 8. Scale 3D-CAD reconstructions of PSC development in RCS 
rats. Posterior subcapsular cataractogenesis occurs between 2 and 6 
weeks postnatal. At 4 weeks, most lenses had a small, polar opacity 
which enlarged radially to a large PSC plaque by 6 weeks. The plaque 
was formed by posterior fiber ends which curved abnormally toward 
the vitreous and globulized under the capsule. PSC formation pre- 
cluded development of normal posterior sutures. A posterior view is 
shown in (A,C,E). An axial view is shown in (B,D,F). 

(A,B) 2 weeks postnatal. (C,D) 4 weeks postnatal. (E,F) 6 
weeks postnatal. 
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ated with retinal degenerative disease and for post-vitrectomy 
PSC. In both the present model (RCS rat) and in a transgenic 
mouse model for autosomal dominant retinitis pigmentosa, 
there was no evidence of posterior migration of nucleated cells 
[4,13]. Rather, the PSCs were formed by abnormal posterior 
fiber growth. Similarly, in a rabbit model for post-vitrectomy 
PSC, cataracts were due to abnormal posterior suture devel- 
opment rather than posterior migration of cells from the bow 
region (unpublished data, Kuszak et al.). In addition, it has 
long been recognized that some PSCs noted clinically have a 
stellate appearance, indicating involvement of the sutures in 
posterior opacification [14,15]. This suggests that there may 
be two types of PSC: one caused by posterior migration of 




Figure 9. Scale 3D-CAD reconstructions of PSC internalization in 
RCS rats. Internalization of the plaque began between 2 and 2.5 
months postnatal. By 2 months postnatal, new fiber growth accumu- 
lated at the perimeter of the plaque, which was separated from the 
capsule. The posterior ends of new fibers interfaced with fiber ends 
of the plaque, forming an abnormal suture plane across the visual 
axis. Between 2.5 and 3 months postnatal the PSC was completely 
covered by new fiber growth, after which fibers began forming su- 
ture planes perpendicular to the capsule. A posterior view is shown 
in (A,C,E). An axial view is shown in (B,D,F). 

(A,B) 2 months postnatal. (C,D) 2.5 months postnatal. (E,F) 
3 months postnatal. 
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dysplastic cells, and one caused by abnormal fiber growth re- 
sulting in posterior sutural malformations. 

SEM examination of 3 to 1 5 month old lenses indicated 
that the structure of internalized plaques remained stable 
throughout the life span of animals. Similarly, TEM examina- 
tion of internalized plaques revealed only scattered ultrastruc- 
tural defects. It is clear that the fibers comprising PSC plaques 
were neither internalized nor broken down via lysosomal deg- 
radation, as occurs during internalization of necrotic and se- 
nescent cells in other tissues [16-18]. The sparse ultrastruc- 
tural damage located within the plaque and initial overgrowth 
in RCS rats is dissimilar to previous observations of human 
PSC associated with retinal degenerative disease [19-21] which 
described widespread fiber degeneration in the posterior re- 
gion. Human lens observations in those studies are more con- 
sistent with observations from RCS rat lenses which do not 
recover, but instead progress to mature cataracts [22], 

The results of this investigation demonstrate that the lens 
has the ability, although restricted, to respond to growth de- 
fects and effect a limited recovery after PSC formation asso- 
ciated with retinal degeneration. This is not entirely unexpected 
since spontaneous recovery from PSCs have been reported in 
diabetic patients [23-25], Evaluation of the optical quality of 
internalized RCS rat PSCs has provided a quantitative mea- 
sure of the extent and limitations of the recovery of lens func- 
tion and is described in the concurrent investigation [11]. 
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Figure 10. Scale 3D-CAD animation depicting PSC formation and 
initial PSC internalization in RCS rat lenses. The PSC, which devel- 
ops between 2 and 6 weeks postnatal, results from a growth malfor- 
mation of the posterior segments in each successive growth shell, 
and results in central-to-peripheral plaque formation. Similarly, the 
plaque is gradually internalized as each growth shell of fibers termi- 
nates closer to the posterior pole. This peripheral-to-central over- 
growth occurs between 2 and 2.5 months postnatal and results in the 
formation of an aberrant suture plane across the visual axis. 
A quicktime movie of this figure is in the online version at the fol- 
lowing URL: http://www.molvis.org/molvis/v5/p6/al-ghoul- 
figl0.html. A representative frame is shown above. 
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ABSTRACT Interactions between the ureteric bud (UB) 
and metanephric mesenchyme are crucial for tubulogenesis 
during kidney development. Two immortalized cell lines de- 
rived from the day 11.5 embryonic kidney, UB cells, which 
appear to be epithelial (cytokeratin-positive, E-cadherin- 
positive, and ZO-l-positive by immunostaining) and BSN 
cells, which are largely mesenchymal (vimentin-positive, but 
negative for cytokeratin, cell surface E-cadherin, and cell 
surface ZO-1), were used to establish an in vitro tubulogenesis 
system. BSN cells expressed hepatocyte growth factor (HGF) 
and transforming growth factor-/31 mRNAs, and its condi- 
tioned medium (BSN-CM) contained factors capable of acti- 
vating the epidermal growth factor (EGF) receptor (EGFR). 
When UB cells were cultured in an extracellular matrix gel in 
the presence of the embryonic kidney or BSN-CM, the UB cells 
underwent morphogenetic changes characteristic of early in 
vitro branching tubulogenesis. These changes were largely 
inhibited by a combination of neutralizing anti-HGF antibod- 
ies and the EGFR inhibitor tyrphostin AG1478, suggesting 
that EGFR ligands, together with HGF, account for much of 
this early morphogenetic activity. Nevertheless, there was a 
significant fraction of tubulogenic activity that could not be 
inhibited, suggesting the existence of other soluble factors. 
Whereas HGF, EGF, transforming growth factor a, basic 
fibroblast growth factor (bFGF), and insulin-like growth 
factor 1 (IGF-1), or a mixture of these growth factors, induced 
epithelial processes for up to 3 days, only IGF-1, possibly 
bFGF, and the mixture were able to sustain morphogenesis for 
longer periods, though not nearly to the same degree as 
BSN-CM. Moreover, only BSN-CM induced branching tubu- 
lar structures with clear lumens, consistent with the existence 
of other soluble factors crucial for the formation and/or 
maintenance of branching tubular structures with lumens in 
vitro. 



In the murine embryo, metanephrogenesis is initiated when 
the ureteric bud (UB) interacts with undifferentiated meta- 
nephric mesenchyme around 11.5 days after conception. The 
UB undergoes successive dichotomous branching steps as it 
invades the metanephric mesenchyme, developing into the 
kidney collecting system and ureteric tree. The cells of the 
metanephric mesenchyme, which have been induced by the 
UB, epithelialize and ultimately develop into the more prox- 
imal nephron from the glomerular capsule to the distal tubule 
(1, 2). Thus, UB interactions with the metanephric mesen- 
chyme are essential for normal kidney development. Genetic 
approaches have recently implicated several potentially diffus- 
ible molecules in kidney development, including wnt-4 (3) and 
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bone morphogenetic protein 7 (4, 5). Furthermore, organ 
culture studies suggest that a number of growth factors, 
including hepatocyte growth factor (HGF) (6), epidermal 
growth factor (EGF) receptor (EGFR) ligands (7), insulin-like 
growth factor 1 (IGF-1) (8, 9), and others, play at least a 
facilitory role in kidney development. Nevertheless, the spa- 
tiotemporal complexity of cell interactions in the developing 
kidney makes detailed analysis of cellular processes at the level 
of the whole embryo or in organ culture difficult. 

In vitro cell culture systems, while possessing their own 
particular limitations, can be used to complement genetic or 
organ culture approaches. To the extent that this kind of 
approach reflects events occurring in vivo during development, 
it can be used to gain mechanistic insights into complex 
morphogenetic processes. One of the best-studied models 
employs kidney epithelial cell lines, such as Madin-Darby 
canine kidney (MDCK) and murine inner medullary collecting 
duct (mIMCD3), seeded in three-dimensional type I collagen 
gels to analyze mechanisms of epithelial tubulogenesis and 
branching morphogenesis (10-17). In the mIMCD3 cell- 
collagen gel system, HGF and EGFR ligands induce branching 
tubulogenesis (10, 11), whereas transforming growth factor 
(TGF)-/3 selectively inhibits branching events (14). Since these 
cells are derived from the collecting duct (and thus ultimately 
the UB), the results from this system have been used to 
propose a model whereby gradients of growth factors which 
might exist within the mesenchyme or elsewhere in the devel- 
oping kidney lead to vectorial branching tubulogenesis such as 
occurs during collecting system development (17-19). The fact 
that multiple growth factors are capable of inducing branching 
tubulogenesis has also been used to argue for "relative redun- 
dancy" and explain why knockouts of individual growth factors 
often fail to exhibit obvious abnormalities in kidney develop- 
ment (20-24). However, the mIMCD3 and MDCK cells are 
derived from differentiated kidney epithelial cells, and the 
extent to which results from these models are applicable to the 
embryonic kidney has not been established. A more authentic 
in vitro model would be to use epithelial cells directly from the 
embryonic kidney. We have therefore developed an in vitro 
tubulogenesis system using immortalized UB cells and condi- 
tioned medium from cells which appear to be derived from the 
embryonic kidney mesenchyme. The results obtained with this 
model system suggest that, in addition to HGF and EGFR 
ligands, which are important for branching tubulogenesis in 
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mIMCD3 cells, other known and yet-to-be-identified soluble 
factors play an important role in tubulogenesis in vitro. 

MATERIALS AND METHODS 

Cell Lines and Three-Dimensional Extracellular Matrix 
(ECM) Gel Culture. The UB cell line was obtained from 
microdissected UB of a day-11.5 mouse embryo transgenic for 
simian virus 40 (SV40) large T antigen (Immortomouse, 
Charles River) as described previously (25). The UB cells were 
maintained in MEM, supplemented with 10% fetal calf serum 
(FCS) at 32°C in a 5% C0 2 incubator. The BSN cell line was 
obtained from a day-11.5 murine embryonic kidney transgenic 
for the early region of SV40 [TgN(SV)7Bri, kindly supplied by 
R. L. Brinster, Univ. of Pennsylvania] (26)]. After embryonic 
kidneys were microdissected, the UB was carefully removed. 
The remaining metanephric mesenchyme was placed in DME/ 
F12 medium, with 10% FCS at 37°C in a 5% C0 2 incubator. 
The cells outgrown from the metanephric mesenchyme were 
transferred to plastic culture dishes and subselected. These 
BSN cells were maintained in DME/F12 with 10% FCS at 
37°C in a 5% CO2 incubator. Passages 4-14, during which the 
cells appeared to have a relatively stable character by marker 
analysis, were used for experiments. Experiments with later 
passage cells had greater variability. To obtain BSN cell 
conditioned medium (BSN-CM), a confluent BSN cell mono- 
layer was washed twice with serum-free DME/F12 medium, 
followed by application of serum-free DME/F12 and incuba- 
tion in a C0 2 incubator for 2-4 days. The collected BSN-CM 
was centrifuged at low speed to remove cell debris. The culture 
conditions for mIMCD3 cells have been previously described 
(10, 27). 

Three-dimensional culture of UB cells was performed as 
previously described (10, 1 1, 14). In some experiments UB cells 
were suspended in the mixture of growth factor-depleted 
Matrigel and type I collagen. For the embryonic kidney 
coculture experiment, day-13 embryonic kidneys were placed 
on top of ECM gels in serum-free DME/F12 medium. The 
morphology of the suspended UB cells was analyzed by a 
phase-contrast microscope with Hoffman modulator. The 
three-dimensional cultures were maintained in a 32° or 37°C 
C0 2 incubator with daily medium change for 5 days and every 
other day thereafter. At least morphologically, the incubation 
temperature did not seem to affect UB cell morphogenesis. 
Twenty randomly selected cells or colonies were evaluated for 
process formation (an early stage of tubulogenesis) or multi- 
cellular cord/tubule formation under the phase contrast mi- 
croscope. The percentage of cells/colonies with processes was 
used as a semiquantitative indicator of tubulogenesity under 
each condition. 

Cytochemistry for Cell Characterization. Confluent mono- 
layers of UB and BSN cells grown on glass coverslips were 
prepared for immunofluorescence analysis after methanol 
fixation as previously described (28). Antibodies and their 
dilutions were as follows; mouse anti-pan cytokeratin (1:1,000, 
Sigma) mouse anti-vimentin (1:200, Sigma), rat anti-ZO-1 
(1:1, generous gift from D. A. Goodenough, Harvard), and rat 
anti-E-cadherin (1:200, Sigma). In the case of staining with 
Dolichos biflorus lectin, confluent monolayers of cells grown 
on glass coverslips were fixed with 4% paraformaldehyde/PBS 
at room temperature for 15 min. After a vigorous wash with 
PBS (with Ca 2+ and Mg 2+ ) coverslips were incubated with 
Texas red-conjugated Dolichos biflorus lectin (50 /J-g/ml in 
Ca 2+ - and Mg 2+ -containing PBS; Sigma) at room temperature 
for 1 hr, followed by washing with PBS with Ca 2+ and Mg 2+ . 
To determine the specificity of the lectin staining, the lectin 
was preincubatedwithTV-acetylgalactosamine (1 mg/ml in PBS 
with Ca 2+ and Mg 2+ ). Coincubation with the lectin binding- 
sugar abolished cell surface staining. The coverslips were 
mounted and examined with a fluorescence microscope. 



Growth Factors, Inhibitors, and Antibodies in Three- 
Dimensional Cell Culture. Sources and working concentra- 
tions of growth factors were as follows: HGF (R&D Systems) 
40 ng/ml, EGF (Collaborative Research) 40 ng/ml, TGF-a 
(Collaborative Research) 40 ng/ml, basic fibroblast growth 
factor (bFGF; Upstate Biotechnology) 50 ng/ml, IGF-1 (Up- 
state Biotechnology) 50 ng/ml, glial cell line-derived neuro- 
trophic factor (GDNF; R&D Systems) 100 ng/ml, TGF-/31 (R 
& D Systems) 1 ng/ml, and platelet-derived growth factor 
(PDGF; Upstate Biotechnology) 20 ng/ml. Growth factors 
were dissolved in the DME/F12 containing 0.1% BSA or 1% 
FCS and applied on top of the ECM gels. 

The specific inhibitor for EGFR tyrosine kinase, tyrphostin 
AG 1478 (Calbiochem), was dissolved in dimethyl sulfoxide 
and applied to ECM gels at 0.3 /xM. Neutralizing anti-HGF 
antibodies (generous gift from T. Nakamura, Osaka Univer- 
sity, Japan) have been extensively characterized previously (6, 
10). The antibodies react cleanly with HGF on Western blots, 
detect subnanomolar concentrations of HGF by ELISA, and 
inhibit HGF-induced mitogenesis (10) and tubulogenesis (6). 
The antibodies were applied at 10 jig/ml. 

Western Blot Analysis. Subconfluent mIMCD3 cells were 
stimulated with BSN-CM or EGF (20 ng/ml) for 5 min in the 
presence or absence of tyrphostin AG 1478 (0.3 /aM). Tyr- 
phostin AG 1478 was added 10 min before applying growth 
factors. Subsequently cells were lysed and subjected to SDS/ 
PAGE as described previously (14, 28, 29). The membrane was 
probed with anti-phosphotyrosine antibodies (4G10, Upstate 
Biotechnology), followed by immunodetection. 
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Fig. 1. Immunocytochemical characterization of UB and BSN 
cells. Confluent monolayers of UB and BSN cells were stained for 
cytokeratin, vimentin, E-cadherin, ZO-1, and binding of Dolichos 
biflorus lectin. (X450.) 



Developmental Biology: Sakurai et al. 



Proc. Natl. Acad. Sci. USA 94 (1997) 6281 



UB BSN 




HGF 



c-met 



TGF-p1 



28S rRNA 



Fig. 2. Northern blots of total RNA extracted from UB and BSN 
cell monolayers were probed for HGF, c-met, and TGF-/31. Ethidium 
bromide staining of 28S rRNA was used to estimate RNA loaded in 
each lane. 

Northern Blot Analysis. Total RNA was extracted from 
confluent monolayers of UB and BSN cells by the acid/ 
guanidine/phenol /chloroform method (30), followed by 1% 
agarose/formaldehyde gel electrophoresis. After transfer to a 
nylon membrane, the blot was hybridized with a 32 P-labeled 
cDNA probe. Probes were as follows: HGF (generous gift from 
M. Park, McGill University), c-met (generous gift from M. 
Park), and TGF-01 (generous gift from K. Totsune, Brigham 
and Women's Hospital). 

RESULTS 

Characterization of UB and BSN Cell Lines. The BSN cell 
line was established as described above. To determine whether 
it was of epithelial or mesenchymal character, both it and the 
UB cell line were analyzed for the expression of E-cadherin, 
ZO-1, cytokeratin, and vimentin as well as lectin binding. As 
shown in Fig. 1, UB cells were cytokeratin-positive, E- 
cadherin-positive, ZO-1 -positive, and partially (5-30%, de- 
pending on passage) vimentin-positive, consistent with an 
epithelial character as previously described (25). In contrast, 




BSN cells (passage 4-14) were negative for cytokeratin, 
though strongly positive for vimentin, consistent with a mes- 
enchymal character. No cell surface staining for E-cadherin or 
ZO-1 was observed, though some faint cytoplasmic staining of 
ZO-1, which has been reported for a number of mesenchymal 
cell lines (31), was observed. The UB cells were also positive 
for cell surface staining by Dolichos biflorus lectin, known to 
bind a cell surface glycoprotein expressed in developing ureter 
but not mesenchyme, whereas BSN cells were negative for 
lectin staining (Fig. 1). The stain appeared to be specific, since 
preincubation with ^-acetylgalactosamine eliminated the sig- 
nal. We also examined HGF/c-met expression in these cells by 
Northern blotting. The UB cells were HGF-negative, c-meh 
positive, whereas the BSN cells were both HGF- and c-met- 
positive (Fig. 2). The BSN cells also expressed TGF-/31 mRNA. 
Together, these results confirm the origin and epithelial 
character of the UB cells derived from day-11.5 UB and the 
largely nonepithelial character of the BSN cells derived from 
embryonic kidney mesenchyme of approximately the same 
gestational day. In addition to expressing an intermediate 
filament and junctional molecule profile consistent with mes- 
enchymal origin, the BSN cells also express mRNAs for growth 
factors believed to be made in the embryonic kidney mesen- 
chyme (32, 33). 

BSN-CM Induced UB Cell Tubulogenesis Comparable to 
That Induced by the Embryonic Kidney. MDCK and mIMCD3 
cells are known to undergo impressive branching morphogen- 
esis when cocultured in ECM gels with the embryonic kidney 
(in the absence of apparent cell-cell contact between the 
embryonic kidney and the MDCK or mIMCD3 cells) due to 
the elaboration of soluble growth factors, including HGF and 
EGFR ligands (6, 10). When day-13 embryonic kidneys were 
placed on top of ECM gels containing UB cells, the embryonic 
kidneys were able to induce UB cell processes and multicel- 
lular cords, early steps in tubulogenesis in vitro. Thus, the 
embryonic kidney elaborates soluble factors capable of induc- 
ing UB cell morphogenesis; presumably these factors are in 
large part made in the mesenchyme. To determine if the BSN 
cells, which appear to be of mesenchymal origin, elaborated 
similar factors, BSN-CM was added to UB cells in three- 
dimensional ECM gel culture. A morphogenetic response 
comparable to that induced by the embryonic kidney was 
observed. The best response was obtained when the ECM gel 
consisted of 80% type I collagen mixed with 20% growth 
factor-reduced Matrigel (Fig. 3A and 5). However, pure 
growth factor-reduced Matrigel suppressed tubule formation; 
instead, the matrix material promoted cyst formation even in 
the presence of BSN-CM (Fig. 3C). Similar modulation of 
tubulogenesis by ECM has been reported on MDCK cells in 
the presence of HGF (16). To determine whether the growth 





Fig. 3. UB cells exhibit multicellular cords, tubules with lumens, and multicellular cysts in ECM gels in BSN-CM, depending on matrix 
composition. UB cells were suspended in 80% collagen type 1/20% growth factor reduced Matrigel in the presence of BSN-CM containing 1% 
FCS. (A) After 7 days of culture, the cells grew to form multicellular cord-like structures. (B) After 15 days of culture, clear lumens could be seen 
in UB tubules. (C) When UB cells were suspended in 100% growth factor reduced Matrigel, even in the presence of BSN-CM and 1% FCS, they 
remained multicellular cysts even after 15 days of culture. (Bar = 50 jim.) 
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Fig. 4. BSN-CM shows tubulogenic activity comparable to that 
elaborated by the embryonic kidney upon UB cells grown in three- 
dimensional ECM gels. The percentages of UB cells/colonies exhib- 
iting processes (an early step in tubulogenesis) were used for semi- 
quantitative measures of tubulogenic activity under each condition. 
The percentages were standardized to untreated control (= 100%) 
and presented as means ± SE. The results were representative of four 
separate experiments. (A) Day-13 embryonic kidneys were placed on 
top of the three-dimensional collagen gel culture system. UB cell 
tubulogenesis was evaluated at 24 hr and 5 days of culture. At 24 hr, 
a large portion of tubulogenic activity was inhibited by a combination 
of neutralizing anti-HGF antibodies (10 Mg/ml) and the EGFR 
inhibitor tyrphostin AG 1478 (0.3 /iM). However, at 5 days about 50% 
of tubulogenic activity could not be inhibited. {B) BSN-CM with 1% 
FCS was applied on top of UB cells in three-dimensional collagen gel 
culture. As was the case for embryonic kidney coculture, there were 
differences between 24 hr and 5 days in terms of tubulogenic inhibition 
profile by anti-HGF antibodies and tyrphostin AG 1478. (C) BSN-CM 
phosphorylated tyrosine residues of EGFR. Asubconfluent mlMCD3 
cell monolayer was stimulated with EGF (20 ng/ml) or BSN-CM in the 
presence or absence of tyrphostin AG 1478 (0.3 fxM). The whole cell 
lysates were subjected to Western blotting with anti-phosphotyrosine 
antibodies. In the second (EGF) and fourth (BSN-CM) lanes, M90- 
kDa protein was phosphorylated. The phosphorylation was completely 
inhibited by tyrphostin AG 1478 (third and fifth lanes). 

factors promoting UB cell morphogenesis that had been 
secreted by the embryonic kidney and/or BSN cells were the 
same as those which induce mIMCD3 cell tubulogenesis, we 
attempted to neutralize the activity of HGF and EGFR ligands 
separately and together with a well-characterized anti-HGF 
antibody that is known to inhibit the mitogenic and tubulo- 



genic activity of HGF (6, 10) and a specific EGFR tyrosine 
kinase inhibitor, tyrphostin AG 1478, thus far not reported to 
inhibit the activity of any other tyrosine kinase (34, 35). 
Western blots with anti-phosphotyrosine antibodies confirmed 
the ability of tyrphostin AG 1478 to virtually completely inhibit 
EGFR autophosphorylation (Fig. 4C). At 24 hr, incubation 
with the neutralizing anti-HGF antibodies had an inhibitory 
effect on the ability of the embryonic kidney or the BSN-CM 
to induce process formation, the earliest step in in vitro 
tubulogenesis. Tyrphostin AG 1478 had a similar inhibitory 
effect. Both agents together were able to inhibit all but a small 
fraction of the soluble morphogenetic activity elaborated by 
the embryonic kidney and BSN cells, suggesting that HGF and 
EGFR ligands together account for the largest proportion of 
activity involved in early process formation in this system (Fig. 
4 A and B left panels). To examine the effect of prolonged 
inhibition of HGF and EGFR, coculture was continued for up 
to 5 days. Anti-HGF antibodies were replaced every day. 
Although we administered tyrphostin AG 1478 only at the 
beginning of culture, its continuous presence prevented TGF- 
a-induced morphogenesis, suggesting long-term EGFR inac- 
tivation (data not shown). Continuous incubation with these 
inhibitory agents over 5 days, a period during which processes 
become more complex and develop into multicellular cords, 
was somewhat less effective in inhibiting the morphogenetic 
activity (Fig. 4 A and B right panels). While this suggests that 
the same set of factors (HGF and EGFR ligands) continues to 
play an important role in morphogenesis for up to 5 days, it also 
suggests that a significant fraction of the activity (*«50%) 
might not be accounted for by HGF and EGFR ligands. 

A Number of Growth Factors Are Capable of Inducing in 
Vitro UB Cell Tubulogenesis. To more directly examine the 
role of HGF and EGFR ligands in UB cell tubulogenesis, and 
also to determine if other factors could be found that might 
account for the fraction of morphogenetic activity that could 
not be inhibited by the anti-HGF antibody and tyrphostin AG 
1478, purified growth factors were added to the UB cells grown 
in type I collagen gels and compared with the effect of 
BSN-CM. [Collagen gels were employed because even growth 
factor-depleted Matrigel contains some remaining growth 
factor activity (16) that could complicate the interpretation.] 
During the initial 24-48 hr, several growth factors, including 
HGF, EGF, TGF-a, bFGF, and IGF-1, induced process for- 
mation of UB cells in three-dimensional culture (Fig. 5 Left; 
Table 1). GDNF, PDGF, and TGF-/31 did not induce initial 
process formation (Fig. 5, Left; Table 1). BSN-CM induced UB 
cell processes which became more complex over several days, 
eventually forming multicellular cords (Fig. 3/4; Table 1). 
However, while HGF, EGF, TGF-a, bFGF, and IGF-1 con- 
tinued to induce complex processes for 2-3 days, after this time 
only high concentrations of IGF-1 and bFGF were able to 
sustain multicellular cords, though not nearly to the same 
degree as BSN-CM (Fig. 5 Right; Table 1). Moreover, a mixture 
of HGF, EGF, bFGF, IGF-1, and GDNF, which initially 
appeared as potent as BSN-CM, did not sustain complex 
multicellular structures (either cysts or cords) after 5-6 days of 
culture (Fig. 5; Table 1), and the "quality" and complexity of 
the structures induced by BSN-CM was clearly superior. In 
fact, only BSN-CM consistently induced branching tubular 
structures with clearly distinguishable lumens (Table 1). 

DISCUSSION 

We have established a system in which soluble factors from an 
apparently mesenchymal cell line (BSN) derived from the early 
embryonic kidney are able to induce branching tubulogenesis 
in a UB cell line in a three-dimensional ECM gel system. Only 
minimal amounts of serum were used. Thus, this represents 
perhaps the simplest system, for the study of mesenchymal- 
epithelial interactions relevant to early kidney development. 
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Fig. 5. BSN-CM maintains UB cell morphogenesis better than any other purified growth factor or their combination. Purified growth factors, 
a combination of growth factors (GF-mix: HGF, EGF, bFGF, JGF-1, and GDNF), or BSN-CM was applied on top of UB cells suspended in collagen 
gels. Tubulogenic activity was semiquantified by evaluating percentage of UB cells/colonies with processes/cords/tubules. At 24 hr of serum-free 
culture, HGF, EGF, TGF-a, bFGF, and IGF-1 were as capable of inducing UB cell processes as were GF-mix or BSN-CM medium. TGF-/31, PDGF, 
and GDNF were not effective. At 5 days of culture (with 1% serum), only high concentrations of bFGF and IGF-1 could sustain the growth of 
UB cell processes into cord-like structures. BSN-CM was much more potent than any other growth factors listed or their combination. Statistical 
significance was determined and is presented in Table 1, where a qualitative analysis of structures is also presented. 



Systems for branching tubulogenesis that have been employed 
previously utilize cell lines such as MDCK or mlMCD3 derived 
from the mature kidney (10-16, 36). In these cell lines, the 
major factors capable of inducing early cellular process for- 
mation leading to branching tubulogenesis appear to be HGF 
and EGFR ligands (e.g., EGF, TGF-a, heparin-binding EGF, 
amphiregulin, betacellulin) (10, 11). In contrast, the UB cells, 
apart from responding to HGF and EGFR ligands, also form 



Table 1. Qualitative effect of growth factors on UB 
cell tubulogenesis 





Process 


Cord-like 


Tubules 


Growth 


formation 


structure 


with lumen 


factor 


(24-48 hr) 


(5-6 days) 


(>10 days) 


HGF 


+ 






EGF 


+ 






TGF-a 


+ 






bFGF 


+ 






IGF-1 


+ 


+ 




PDGF 




ND 


ND 


GDNF 








TGF-/31 




ND 


ND 


BSN-CM 


+ 


+ 


+ 


GF-mix 


+ 







Growth factors were applied on top of UB cell collagen gel 
suspension culture. Percentage of cells/colonies exhibiting tubules/ 
processes was evaluated for each condition and compared to control 
condition (BSA or 1% FCS). If the specific growth factor treatment 
significantly increased tubulogenesis (i.e., P < 0.05 vs. control by 
unpaired Student's / test), the growth factor was marked + . If not, the 
growth factor was marked ± indicates variable result among 
experiments. ND, not done. Process and formation data were derived 
from five separate experiments, cord-like structure data were derived 
from three separate experiments. Tubules with lumen data were 
derived from two separate experiments. Only BSN-CM induced 
tubules with lumens. GF-mix contains HGF, EGF, bFGF, IGF-1, and 
GDNF. 



processes in response to high concentrations of IGF-1 and 
bFGF (Fig. 5, Table 1). These growth factors can also induce 
the formation of multicellular cords in UB cells. Although a 
receptor for bFGF has been reported in the collecting duct 
(37), the fact that only high concentrations of bFGF induced 
UB cell tubulogenesis raises the possibility that this growth 
factor is not acting on classical bFGF receptors per se, but 
rather, on some other receptor that binds bFGF. However, 
neither alone nor in combination were these growth factors 
able to induce tubules with lumens. Only BSN-CM was capable 
of doing this (Table 1), suggesting that it contains additional 
growth factors capable of leading to the formation of branch- 
ing tubules with lumens. 

This raises an interesting question. Heretofore, the literature 
on in vitro tubulogenesis has been vague as to whether the 
phenomenon of tubule formation is simply the evolution of a 
single kind of process or whether multiple distinct steps are 
involved. Morphologically, there appear to be at least three 
clearly distinguishable morphogenetic events: the formation of 
cellular processes, the development into branching multicel- 
lular cords, and the establishment of tubules with lumens. Our 
data raise the possibility that these are distinct steps dependent 
on different sets of soluble factors. However, this issue prob- 
ably cannot be clearly resolved until molecular markers specific 
for these steps are found, if indeed they are distinct, or 
relatively so. 

Although perhaps somewhat less robust compared with the 
MDCK cell and mIMCD3 cell systems, the system we describe 
here may be viewed as a more authentic in vitro system for the 
study of branching tubulogenesis relevant to the developing 
kidney. Nevertheless, all these systems have potential limita- 
tions. The cell lines we have used express simian virus 40 
antigen, and it is difficult to determine what effect this has on 
the behavior of the cells in the morphogenetic system. Nev- 
ertheless, the animals from which these cells were derived 
undergo apparently normal nephrogenesis with normal 
branching morphogenesis. It is also reassuring that coculturing 
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the embryonic kidney with the UB cells and incubating the UB 
cells with the conditioned medium from the BSN cells gave 
similar results (Fig. 4). Thus, in both cases, EGFR ligands and 
HGF accounted for the bulk of branching tubulogenic activity, 
but there was a significant fraction (^40-50%) of tubulogenic 
activity which could not be neutralized by the combination of 
neutralizing anti-HGF antibody and the specific EGFR an- 
tagonist. This was especially apparent in the long-term assays 
and is consistent with our finding that none of the growth 
factors we employed, individually or in combination, was 
capable of sustaining long-term morphogenesis leading to the 
formation of tubules with lumens. The nature of this additional 
factor remains to be determined. It is possible that this factor 
simply sustains tubular growth, thereby allowing other mor- 
phogens to act upon the developing multicellular structure, or 
that it functions as a true morphogen. 

Although the UB cells express c-re/, at least by reverse 
transcription-polymerase chain reaction (25), we were unable 
to induce branching tubulogenesis with its ligand, GDNF (Fig. 
5). This may be due to low levels of expression or the 
expression of a receptor that is not functionally active, at least 
in the context of the ECM gels we used. It is also conceivable 
that mesenchymal-epithelial cell contact is required for acti- 
vation of the GDNF/c-ret axis. 

Finally, while the BSN cells appear to be mesenchymal and 
exhibit clear-cut differences in marker profile from the UB 
cells (Fig. 1), it remains to be determined to what extent, if any, 
they themselves are capable of undergoing tubulogenesis 
and/or differentiating along the pathway leading to proximal 
tubule formation, as occurs in metanephric mesenchyme of the 
embryonic kidney. The fact that the BSN cells express c-met 
may suggest that, although largely mesenchymal in character, 
they have the potential for epithelialization or that they are at 
one of the earliest steps in this process. This constitutes an 
important area for future research. 
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ABSTRACT Members of several families of cell surface 
and secreted proteins bind glycosaminoglycans (GAGs), the 
structurally heterogeneous polysaccharides found Apn proteo- 
glycans. To understand the physiological significance of the 
interactions of proteins with GAGs, it is critical that relation- 
ships between GAG structure and binding be analyzed. It is 
particularly important that interactions depending on common 
structural features of GAGs (e.g., size, charge density, and 
disaccharide repeat unit) be distinguished from those mediated 
by specific sequences of carbohydrate modification. Gathering 
the information needed to make such distinctions has so far 
been difficult, however, partly because structurally homoge- 
neous samples of GAGs are lacking but also because of 
technical difficulties associated with performing and interpret- 
ing assays of protein-GAG binding. We describe an electro- 
phoretic method useful for both measuring affinity and eval- 
uating structural selectivity in protein-GAG binding. Data are 
presented on the binding of the GAG heparin to the protease 
inhibitor antithrombin III, the acidic and basic fibroblast 
growth factors, and the extracellular matrix protein fibronec- 
tin. Results obtained with fibronectin are consistent with a 
model in which high-affinity binding (K A « 34 nM) is mediated 
through the recognition of specific carbohydrate sequences. 



Proteins that bind glycosaminoglycans (GAGs) include many 
cell adhesion molecules, glycoproteins of the extracellular 
matrix, polypeptide growth factors, secreted proteases and 
antiproteases, and proteins involved in lipoprotein uptake (1, 
2). In the tissue environments in which these proteins are 
found, GAGs are present as side chains of proteoglycans and 
exhibit diversity in length, disaccharide composition, and 
patterns of N- and O-sulfation. 

For most GAG-binding proteins, the relationship between 
GAG structure and binding affinity is poorly understood. For 
some, all that is known is that a high concentration of salt is 
required to elute them from heparin-agarose columns; some- 
times the relative abilities of GAGs of different classes (e.g., 
heparan sulfate, chondroitin sulfate, dermatan sulfate, kera- 
tan sulfate, etc.) to compete away such binding has also been 
measured (e.g., refs. 3 and 4). Those direct measurements of 
affinity that have been made have often required derivatiza- 
tion or immobilization of either protein or GAG (e.g., refs. 
5-7); such measures may inhibit (e.g., by blocking sites of 
interaction) or artificially enhance (e.g., by favoring multi- 
valent interactions) binding. Quantifying binding is also im- 
peded by the fact that most GAG-protein K d values are 
thought to be in the range of 5-500 nM, where the possibility 
of rapid dissociation kinetics argues against the use of many 
types of binding assays that involve separation and washing 
of bound complexes. In addition, measurements that have 
been made of GAG-protein affinity have usually measured 
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the average affinity of a protein for the structurally heterog- 
enous set of binding sites represented by any GAG sample. 
Selectivity of a protein for specific sequences of carbohy- 
drate modification is, therefore, not readily appreciated, 
despite the fact that such selectivity exists and is, in at least 
one case, of considerable physiological importance (8). 

Below, experiments are presented in which the principle of 
affinity electrophoresis (9) was exploited to analyze protein- 
GAG binding. The technique described is referred to as 
affinity coelectrophoresis (ACE) because both protein and 
GAG are permitted to migrate freely during electrophoresis 
(typically, in affinity electrophoresis, as in affinity chroma- 
tography, one ligand is physically immobilized). The method 
uses small amounts of material and can yield values of the 
affinity constant even when dissociation is rapid (e.g., when 
affinity is low). Experiments are presented in which ACE was 
used to identify and isolate a subpopulation of heparin 
molecules to which fibronectin binds selectively. Some of 
these data have been presented in abstract form (10, 11). 

MATERIALS AND METHODS 
Materials. Low-melting-point agarose (SeaPlaque) and 
GelBond were purchased from FMC, heparin (grade I, from 
porcine intestinal mucosa) was from Sigma, chondroitin 
sulfate (from shark cartilage) was from Fluka, bovine serum 
albumin (crystalline) was from ICN, and human plasma 
fibronectin (FN) was from New York Blood Center (New 
York). Basic fibroblast growth factor (bFGF) and acidic 
fibroblast growth factor (aFGF) were purified from bovine 
brain (12). Human antithrombin III (AT) was the generous 
gift of Robert Rosenberg (M.I.T.). jS-Nerve growth factor 
was generously donated by Randall Pittman (University of 
Pennsylvania). 

Heparin was substituted with fluoresceinamine to a level of 
15.7 ng/fig (13) and radioiodinated to a specific activity of 
110,000 cpm/ng (14). A portion of the l25 I-labeled fiuoresce- 
inamine-heparin ( 125 I-F-heparin) was fractionated by gel fil- 
tration [on Sephadex G-100 in 50 mM sodium 3-(Af- 
morpholino)-2-hydroxypropanesulfonate) (Mopso), pH 7.0/ 
125 mM sodium acetate] and the last 10.8% of the radioactive 
material to elute (0.57 < K w < 0.76) was pooled as a low 
molecular weight (LMW) fraction. This fraction was esti- 
mated to contain heparin chains of M T S6000 (3, 15-18). 

Electrophoretic Analysis of Binding. Low-melting-point 
agarose (1%) was prepared in either of two electrophoresis 
buffers: 50 mM sodium Mopso, pH 7.0/125 mM sodium 
acetate/0.5% 3-[(3-cholamidopropyl)dimethylammonio]-l- 



Abbreviations: ACE, affinity coelectrophoresis; aFGF and bFGF, 
acidic and basic fibroblast growth factor, respectively; AT, anti- 
thrombin III; CHAPS, 3-[(3-cholamidopropyI)dimethylammonio]-l- 
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Fig. 1. Schematic representation of a gel before and after elec- 
trophoresis. Proteins are cast at various concentrations into nine 
rectangular zones within an agarose gel (A); the dark line at top 
represents a slot into which labeled GAG is introduced. During 
electrophoresis, GAGs migrate through the rectangular zones but are 
slowed by binding to proteins. This produces a series of peaks (B), 
from which an affinity constant may be derived (see text). 

propanesulfonate (CHAPS) (buffer A) or 50 mM sodium 
Mopso, pH 7.0/125 mM NaCl/0.5% CHAPS (buffer B). A 
Teflon comb consisting of nine parallel bars, each 45 x 4 x 
4 mm and held rigidly together with a spacing of 3 mm 
between bars, was placed onto GelBond film fitted to a 
Plexiglas casting tray (75 x 100 mm) with the long axis of the 
bars parallel to the long dimension of the tray. A Teflon strip 
(66 x 37 x 1 mm) was stood on edge with its long dimension 
parallel to the short dimension of the casting tray, at a 
distance of 4 mm from one edge of the Teflon comb. Tabs 
extending from the Teflon strip enabled it to be held upright 
by tape affixed to the casting tray. Typically, 19 ml of agarose 
were poured hot (>70°C) to achieve a cooled gel ~4 mm 
thick. Removal of the comb and strip resulted in a gel 
containing nine 4 x 45 mm rectangular wells adjacent to a 66 
x 1 mm slot (Fig. 1A). 

Protein samples (typically 350 were prepared in elec- 
trophoresis buffer at twice the desired concentrations. Sam- 
ples were mixed with an equal volume of melted 2% (wt/vol) 
agarose at 37°C, pipeted into the appropriate rectangular 
wells, and allowed to gel. After submerging a protein-loaded 
gel in the electrophoresis chamber (Hoefer SuperSub) con- 
taining butler minus CHAPS, ~190 /xl of 125 I-F-heparin [4 
ng/ml in electrophoresis buffer containing 0.5% bromphenol 
blue and 6% (wt/vol) sucrose] was added to the 66 x 1 mm 
slot. 

Typically, electrophoresis was performed at 60-70 V (2- 
2.4 V/cm) for 0.75-2 hr, with currents of =330 mA (in buffer 
A). Buffer was recirculated, and a flow of cold tap water 
through the coolant ports of the apparatus was used to 
maintain buffer temperature at 20-25°C. Endpoints were 
determined by the position of the bromphenol blue, which 
migrated about half as rapidly as heparin. Gels were air-dried 
and autoradiographed against preflashed film at -80°C. In 
some experiments, 123 I-F-heparin was recovered from gels by 
electroelution in 0.75 mM NaOAc/0.25 mM sodium Mopso, 



pH 7, concentrated 2-fold using a SpeedVac evaporator 
(Savant), and retested for binding using ACE. 

RESULTS 

Demonstration of Protein-GAG Binding. At neutral pH, the 
electrophoretic mobilities of most proteins are much lower 
than those of GAGs. Consequently, the binding of proteins to 
GAGs should, in most cases, retard GAG electrophoresis. To 
determine whether this effect could be exploited to quantify 
protein-GAG binding, a method was devised for electro- 
phoresing labeled GAGs though zones containing multiple 
protein samples. Briefly, special combs were used to create 
agarose gels of the configuration shown in Fig. LA. The long 
rectangles represent wells into which proteins in molten 
low-gelling-temperature agarose (at 37°C) could be intro- 
duced and allowed to gel. The dark line at the top of Fig. LA 
indicates where samples of labeled GAGs were introduced. 
The position of the anode is at the bottom. Fig. IB presents 
the expected experimental results when the nine wells con- 
tain a single GAG-binding protein at a series of concentra- 
tions decreasing from left to right: at sufficiently high protein 
concentrations, migration of the GAG front (thick black line) 
is retarded in a dose-dependent manner. The protein-free 
spaces between the wells facilitate measurement of the 
changes in mobility associated with each protein concentra- 
tion. 

Fig. 1A shows that the predicted pattern was indeed 
obtained when 125 I-F-heparin was electrophoresed at neutral 
pH and physiological ionic strength through zones containing 
a known heparin-binding protein, bFGF. In response to 
bFGF concentrations of up to 35 nM, heparin mobility was 
reduced up to 88%. The effect was specific, in that even much 
higher concentrations of nerve growth factor (a protein of 
similar size and isoelectric point to bFGF) had no effect on 
125 I-F-heparin mobility (Fig. IB). 

An assumption made in predicting the simple pattern 
shown in Fig. IB was that all heparin molecules behave more 
or less identically. The data in Fig. 2 A and B support this 
assumption. In contrast, experiments performed with a dif- 
ferent heparin-binding protein, AT, illustrate the type of 
pattern that can result when heparin molecules do not behave 
identically (Fig. 2C). In this case, the migrating heparin front 
was split by AT into two distinct fronts, one of which was 
progressively slowed by AT concentrations ^5 nM, whereas 
the other was shifted only slightly by AT at 1 pM. The same 
result was obtained with a size-selected LMW fraction of 
125 I-F-heparin (Fig. 2D). A large excess of unlabeled heparin 
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Fig. 2. (A-/)) Autoradiographs of gels in which 125 I-F-heparin was electrophoresed through zones containing bFGF (A), 0-nerve growth 
factor (£), and AT (C and D). Protein concentrations are in nM. {B and D) Size-selected LMW heparin was used. (£) Inhibition of binding of 
125 I-F-heparin to AT by unlabeled heparin. In this experiment, a gel was cast with three sample slots, each opposite three of nine rectangular 
zones. Equal amounts of I25 I-F-heparin were introduced into each slot. In the central slot, unlabeled heparin (1 mg/ml) was mixed with the labeled 
sample; in the slot at right, unlabeled chondroitin sulfate (1 mg/ml) was added. Concentrations of AT are in nM. (F) Recovery and analysis 
of heparin with high and low affinity for AT. A set of three sample slots was prepared as in E. Into the slot at left was loaded material isolated 
from LMW 123 I-F-heparin that had previously migrated through AT-containing agarose without retardation (lanes Low-AfT.). Material that had 
been retarded by AT was isolated and loaded in the central slot (lanes High-Aff.). Control 123 I-F-heparin was loaded in the slot at right. 
Concentrations of AT are shown in nM. 
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readily blocked the effects of AT on heparin mobility, but an 
equal concentration of chondroitin sulfate did not (Fig, 2E). 

These results fit with what is known about the properties 
of AT, one of the most studied GAG-binding proteins: AT 
binds a subset of heparin molecules, with subtleties of 
carbohydrate sequence, rather than heparin chain length, 
providing the basis for selectivity (19). To confirm that the 
two heparin fronts observed in ACE gels containing AT 
actually result from the fractionation of heparin into distinct 
species with different binding properties, a gel similar to the 
one shown in Fig. 2D was electrophoresed and pieces of 
agarose were cut out of locations where the two heparin 
fronts were well separated. The pieces were then melted, and 
their contents were retested for binding to AT. The results 
(Fig. 2F) confirm that separable fractions of heparin account 
for the pattern in Fig. 2D. 

Measurement of Binding Affinity. In general, heparin's 
mobility in any protein-containing environment should be the 
average of the mobilities of protein-bound heparin and free 
heparin, weighted according to the fraction of time that 
heparin molecules spend in the bound and free states. To 
quantify protein-induced shifts in mobility, it is convenient to 
introduce a unitless number, the retardation coefficient R [R 
= (M 0 - M)/M 0 , where M 0 is the mobility of free heparin and 
M is heparin's observed mobility through a protein- 
containing zone]. Provided that heparin and protein form a 
1:1 complex, R at any protein concentration should be 
proportional to the amount of heparin bound. Moreover, if ft» 
is taken to represent the value of R seen at full saturation (i.e. , 
at an arbitrarily high concentration of binding protein), then 
R/R* should be equivalent to the fractional saturation. Ac- 
cordingly, experimental values of R should vary with protein 
concentration according to the Scatchard equation; specifi- 
cally, a plot of K/[protein] free vs. R should yield a straight line 
with a slope of -l/tf<j and a y intercept of R^/K^. If the 
concentration of heparin is small compared to K d , plotting 
fl/[protein] lota ] vs. R should yield the same plot. 

Two such plots are shown in Fig. 3. The data for bFGF 
binding to LMW heparin (Fig. 2A) fit a line implying a K d of 
2 nM. For AT binding to LMW heparin, values of R obtained 
from Fig. 2D also fit a line, implying a K d of 16 nM (Fig. IB). 
Straight lines also fit the data obtained for the binding of 
unfractionated heparin to bFGF and AT, and for the binding 
of heparin to aFGF and serum albumin (data not shown). 
These findings are summarized in Table 1. Results with two 
buffer systems that differed in their major anion (chloride vs. 
acetate) did not differ significantly. 

Characterization of Heparin Binding to FN. FN is a major 
glycoprotein of the extracellular matrix and a component of 
plasma (20, 21). FN binds heparin and heparan sulfate (3, 22, 
23), whereupon alterations in its structural properties and 
ability to bind other molecules can be detected (e.g., refs. 
24-26). Recent evidence indicates that the attachment of 
epithelial cells and fibroblasts to FN is mediated, in part, by 
cell surface heparan sulfate (27, 28). 
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Fig. 3. Graphic analysis of binding of bFGF to LMW heparin (A) 
and binding of AT to the high-affinity fraction of LMW heparin (£). 
The lines drawn imply X d values of 2 nM for bFGF and 16 nM for AT. 



Plasma FN, a disulfide-linked dimer, is eluted from heparin- 
Sepharose between 0.3 and 0.5 M NaCI (29). Two distinct 
heparin-binding fragments of FN have been identified and 
mapped. Yamada et al. (3) used a filter-binding assay to 
measure the binding of [ 3 H]heparin to FN and obtained a 
biphasic Scatchard plot, suggestive of two component affini- 
ties {K d values of 4.2 nM and 110 nM), but were unable to 
determine whether their data reflected differences in the 
affinity of heparin for two distinct sites on FN or the presence 
of subspecies of heparin that bind FN with different affinities. 
In addition, values of K d were derived assuming that heparin 
molecules contain only one binding site for FN. This assump- 
tion may not be valid, especially given that particularly long 
heparin chains (average M T> 12,000) were used in that study 
(3). 

Analysis of the heparin-FN interaction by ACE is shown 
in Fig. 4A. At high FN concentrations, LMW l25 I-F-heparin 
was observed to shift to a single very low mobility, implying 
that essentially all heparin molecules bind FN. At somewhat 
lower FN concentrations, however, the labeled material 
migrated not as a discrete band but as a diffuse smear. It 
seemed likely that this smear represented the fractionation of 
individual heparin molecules according to differences in 
affinity for FN. 

To test this possibility, LMW 125 I-F-heparin was electro- 
phoresed through a single zone of 125 nM FN. The gel was 
then cut transversely into segments, and fractions were 
pooled representing the leading 26% of the 125 I-F-heparin 
(pool 1 , "weakly retarded heparin") and the trailing 26% (pool 
2, "strongly retarded heparin"). The samples were heated to 
100°C for 10 min (to denature FN) and labeled heparin was 
recovered by electroelution. The resulting material was 
retested for binding to FN. As shown in Fig. 4 B and C, the 
ACE patterns for pools 1 and 2 were distinctly different from 
each other and considerably less diffuse than those of the 
starting material. 

Graphical analysis of the patterns in Fig. 4 B and C is shown 
in Fig. 5. The data from pool 1 yield a linear plot, suggesting 
a K 6 of 640 nM. Pool 2 yields an apparently discontinuous 
plot— two line segments with similar slopes (implying K d 
values of 32 and 36 nM). Examination of Fig. 4C indicates 
how the result for pool 2 arises: with increasing FN concen- 
tration, heparin's mobility decreases, levels off at R « 0.5, 



Table 1. Measurement of protein affinities for heparin and 
LMW heparin 



Protein 


Heparin 


tf dl nM 


bFGF . 


Unfractionated 


2.2 




LMW 


2.0 




LMW 


3.1* 


AT 


Unfractionated, HA 


11 




LMW, HA 


16 




LMW, HA 


12* 




Unfractionated, LA* 


«6000 


aFGF 


LMW 


91 


Plasma FN 


LMW, MA* 


34 




LMW, LA* 


640 


Nerve growth factor 


LMW 


>600$ 


Serum albumin 


LMW 


4300 



Measurements were made in buffer A except for those indicated by 
an asterisk, which were made in buffer B. HA and LA refer to 
strongly retarded (high affinity) and weakly retarded (low affinity) 
fractions, respectively, as isolated from ACE gels (see text). As 
described in the Discussion, correct valuesof K d for bFGF may be 
lower by as much as 0.8 nM. 

tEstimated from data in Fig. 2C and the assumption that /?. for 
low-affinity heparin will be the same as that observed for high- 
affinity heparin. 

*From the experiment described in Figs. 4 and 5. 
^Highest concentration tested. 
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Fic. 4. Analysis of heparin-FN binding. (A) Electrophoresis of 
125 I-F-heparin through zones containing FN (concentrations in nM, 
based on a molecular weight of 440,000). In contrast to the examples 
in Fig. 1, the migrating heparin front becomes broadly smeared at 
protein concentrations between 50 and 500 nM. {B and C) After 
electrophoresis of 125 I-F-heparin in the presence of 125 nM FN, the 
26% of labeled material that was retarded least (pool 1) and the 26% 
of labeled material that was retarded most (pool 2) were recovered 
by electrocution and retested for binding to FN. The patterns 
produced by pool 1 (B) and pool 2 (C) are distinctly different. 

and then shifts again, leveling off at R «* 0.8. This behavior 
is most easily explained by the known tendency of FN to 
self-aggregate when concentrated (see ref. 30). Thus, the first 
shift (to R «• 0.5) may represent saturation of heparin by 
single FN molecules, whereas the second shift (to R = 0.8) 
reflects aggregation of FN molecules into oligomers (which, 
being larger, more strongly retard heparin's mobility). In 
support of this view, studies in which trace amounts of 
123 Mabeled FN were electrophoresed in the presence of 
unlabeled FN showed that the mobility of FN in 2% agarose 
undergoes a concentration-dependent decrease (consistent 
with aggregation) in the expected range (10-200 nM) (unpub- 
lished observations). 

Thus the data in Figs. 4 and 5 indicate that LMW heparin 
is heterogeneous and that classes of heparin molecules that 
differ by as much as 20-fold in affinity for FN can be isolated. 
To test whether this difference in affinity depends on heparin 
size (chain length), pools 1 and 2 were compared by gel 
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Fig. 5. Graphic analysis of data in Fig. 4 B and C. Weakly 
retarded heparin (•) yields a linear plot implying a K d value of 640 
nM. Strongly retarded heparin (□) yields a discontinuous plot with 
two line segments that imply K d values of 32 nM and 36 nM. The 
discontinuity apparently reflects oligomerization of FN at high 
concentrations (see text). 
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filtration on Sephadex G-75 in 10 mM Mopso, pH 7.0/125 
mM sodium acetate/4 M urea. The size distributions of 
molecules in pools 1 and 2 were largely overlapping, with 
those of pool 1 being slightly smaller (# av = 0.250) and those 
in pool 2 slightly larger (K av = 0.162) than the LMW heparin 
from which both pools were derived (K av - 0.235) (data not 
shown). To assess whether the molecules in pools 1 and 2 
differed greatly in charge density (a reflection of the degree 
of sulfation), their electrophoretic mobilities in 1% agarose 
(containing no binding proteins) were compared. The mobil- 
ities obtained for the two pools were identical: 5.6 ± 0.03 x 
10" 8 m 2 /V-s for pool 1 and 5.6 ± 0.05 x 10" 8 m 2 /V-s for pool 
2 (in buffer A at 25°C). 

DISCUSSION 

We report here the development of ah afflnity-electro- 
phoretic technique, ACE, for studying GAG-protein inter- 
actions. Binding is measured at physiological pH and ionic 
strength and under conditions in which interacting molecules 
are freely mobile. ACE can in principle be used to measure 
binding between any two macromolecules, provided that the 
complex they form has an electrophoretic mobility different 
from that of at least one of its components. In practice, this 
difference should be large enough that distances migrated by 
bound and free ligand are distinguishable within reasonable 
time. In some of the experiments described above, it was 
possible to achieve sufficient separations with electrophore- 
sis of the GAG front through only 20 mm of gel; in no 
experiment was electrophoresis through >50 mm necessary. 
These distances required short electrophoresis times at mod- 
est field strengths (e.g., 2.4 V/cm for 1-2 hr). Also, because 
electrophoresis was carried out in a gel of small width and 
height, little material was required. For example, to measure 
binding of heparin to AT in Fig. 2E, only 400 pmol of protein 
and 75 fmol of GAG were used. Considering that ACE can 
measure affinities when dissociation rates are fast and that 
other techniques for doing so [e.g., equilibrium gel filtration 
(31, 32)] can require large amounts of material, the sensitivity 
of ACE seems particularly good. 

Accurate determination of affinity constants using ACE 
requires that the following conditions be met. (/) The radio- 
labeling of one component should not affect binding. («) The 
physical properties of the gel should not affect binding, (Hi) 
The kinetics of association and dissociation should be rapid 
compared to the time of electrophoresis. In the experiments 
reported here, heparin was substituted with <1 fluorescein- 
amine per molecule and radioiodinated (14); the possibility 
that labeling interfered with binding is argued against by ACE 
experiments on the binding of intact proteoglycans (labeled 
by protein radioiodination) to FN and the binding of heparan 
sulfate (metabolically labeled) to AT, which have yielded 
results similar to those reported here (ref. 11; T. Kojima, G. 
Marchildon, and R. Rosenberg, personal communication). 
Also, electrophoresis was performed using a highly porous 
matrix (1% agarose) to minimize effects of sieving on mo- 
lecular interactions, and electrophoresis times were long (1-2 
hr) compared with likely kinetic constants. 

As shown in Figs. 3 and 5, it is convenient to analyze ACE 
data by plotting K/[protein] tota i vs; R and to obtain an 
apparent value of K d from the slope: Strict validity of this 
procedure has the following three requirements. 

(i) Concentration of GAG Is Much Less Than the K d . Use of 
the total, rather than the free, concentration of protein in the 
Scatchard equation is convenient, because it does not require 
the concentration of labeled heparin to be known accurately . 
This substitution is valid as long as the total concentration of 
heparin is sufficiently low. Otherwise, deviations from lin- 
earity at low values of R will occur, leading, to a possible 
overestimation of K& (by an amount no greater than the 
heparin concentration itself). The results in Table 1 were 



2772 Biochemistry: Lee and Lander 



Proc. Natl. Acad. Sci. USA 88 (1991) 



obtained using heparin at 4 ng/ml, which for LMW heparin 
chains (estimated M r , 5000-6000) is equivalent to 0.7-0.8 nM 
(for unfractionated heparin, the molar concentration would 
be lower). At this heparin concentration, the K d values in 
Table 1 should be reasonably accurate with one exception: 
For the binding of bFGF to LMW heparin, the measured tf d 
of 2.0-3.1 nM should probably be revised to 1.2-2.4 nM. 

(«) Mobilities of G AG-Protein Complexes Are Independent 
of Protein Concentration. The assertion that the retardation 
coefficient R is proportional to the fractional saturation of 
GAG by protein assumes that the GAG-protein complex has 
a single fixed mobility. In some cases this may not be true, 
as results obtained with FN illustrate. Because of protein- 
protein interactions, mobility of the heparin-FN complex is 
lower at high FN concentrations than at low FN concentra- 
tions, giving rise to a nonlinear Scatchard plot (Fig. 5). 

(hi) GAGs Are Not Multivalent. The binding of a second (or 
third, etc.) protein molecule to a GAG is not likely to produce 
as large a change in mobility as the binding of the first. 
Accordingly, if GAGs are multivalent, ACE data will tend to 
emphasize the behavior of the first site to saturate. If multiple 
sites of equivalent affinity are present, the Scatchard plots 
obtained may, for statistical reasons, be nonlinear and pos- 
sess slopes that lead to an underestimation of the intrinsic /T d 
of the binding sites (by a factor not exceeding the number of 
binding sites). A more detailed treatment of the effects of 
multivalency and protein-protein interactions on ACE pat- 
terns will be presented elsewhere (unpublished results). 

In this study, measurements were made of the affinity of 
several proteins for heparin. Where prior information on 
affinity is available, it agrees reasonably well with the results 
presented here. For example, affinity chromatographic stud- 
ies of heparin binding to AT indicate that two populations of 
heparin exist, one with high affinity and one with low affinity, 
and that the latter species is more abundant in commercial 
preparations of heparin (8, 33); the data in Fig. 2 E and F 
imply both of these statements. The K 6 values reported in 
Table 1 for the binding of heparin to AT are within or close 
to the range of values that have been published by others, 
namely, 12.5-100 nM for the high-affinity fraction of heparin 
and 20-100 /iM for the low-affinity fraction (5, 8, 16). 
Methodological differences or differences in the ionic com- 
position of buffers may account for the ranges of values. 

For bFGF, the values in Table 1 agree reasonably well with 
affinities reported for the binding of this growth factor to cell 
surface heparan sulfate, namely, 0.5 nM (34) and 2 nM (35), 
especially if the values in Table 1 are corrected as described 
above. The affinity of 91 nM obtained with aFGF is consis- 
tent with the fact that the binding of this growth, factor to 
heparin : agarose is apparently weaker than that of bFGF (36). 

For FN binding to heparin, ACE analysis uncovered 
evidence of selective binding of FN to subpopulations of 
heparin molecules. Although classes exhibiting two distinct 
K A values were identified, they were derived from the 52% of 
heparin molecules that were either most strongly or most 
weakly retarded; therefore, it is possible that molecules with 
intermediate affinities were also present. When heparin sub- 
populations binding strongly and weakly to FN were com- 
pared, no difference in Overall charge density was detected. 
Strongly binding heparin molecules were, however, slightly 
larger on average than weakly binding ones. These are 
precisely the properties expected if high-affinity binding to 
fibrohectin is mediated by one or more specific rare carbo- 
hydrate sequences. A slightly iarger size for high-affinity 
molecules is predicted on statistical grounds, as rare se- 
quences are expected to be most common on long chains (15). 
Indeed, the same phenomenon has been observed with AT: 
fractionation of heparin populations by their affinity for AT 
produces a high-affinity fraction with an average size slightly 
larger than the low-affinity fraction (15, 16) despite the fact 



that the binding of AT is mediated by a specific short 
carbohydrate sequence (19). 

If, as the data presented here suggest, FN recognizes 
specific carbohydrate sequences on heparin, it will be im- 
portant to investigate the binding of FN to heparan sulfates, 
which bear the same carbohydrate modifications as heparin 
but which are widely distributed in vivo. Interestingly, large 
differences have been reported in the degree to which 
heparan sulfates from different sources bind FN (e.g., refs. 3 
and 37). These results raise the possibility that cells, by 
controlling specific steps in GAG modification, could mod- 
ulate their ability to use heparan sulfate as a cell-surface 
receptor for FN (27, 28). 

We thank Dr. R. Rosenberg (M.I.T.) for many helpful discussions 
during the development of this method and for the generous gift of 
AT. This work was supported by National Institutes of Health Grant 
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We present a detailed analysis both of tryptic pep- 
tides and amino-terminal sequences of the subunits of 
two collagenous fragments (HMW and LMW) previ- 
ously isolated from pepsin extracts of chicken cartilage 
(Reese, C. A., and Mayne, R. (1981) Biochemistry 20, 
5443-5448). This analysis and a comparison with the 
nucleotide sequence of the cDNA pYN1738 (Ninomiya, 
Y., and Olsen, B. R. (1984) Proc. Natl. Acad. ScL U. 
S. A. 81, 3014-3018) shows that HMW and LMW are 
pepsin-resistant fragments of a unique collagen com- 
posed of molecules with three different polypeptide 
chains (a-chains). This collagen has been assigned the 
type number IX, and the a-chain encoded by pYN1738 
has been given the designation al(IX). 

Type IX collagen contains three triple-helical do- 
mains and at least two sets of interchain disulfide 
bridges. At the amino and carboxyl ends are noncolla- 
genous domains which do not appear to be homologous 
to amino and carboxyl propeptides of interstitial col- 
lagens. 



Recently we (1, 2) reported the synthesis and characteri- 
zation of a clone, pYNl738, from a chick sternal cartilage 
cDNA library. Nucleotide sequencing of the insert of 
pYNl738 demonstrated that the sequence translates into a 
collagenous polypeptide with several unique characteristics. 
First, the polypeptides would contain three collagenous do- 
mains interspersed by short noncollagenous peptides. Second, 
several cysteinyl residues are located within the noncollagen- 
ous domains. These cysteinyl residues can potentially give 
rise to interchain disulfide bridges. Third, mRNA coding for 
the peptide is considerably smaller than mRNA encoding pro- 
a-chains of interstitial collagens. Based on a comparison 
between the characteristics of this polypeptide and properties 
of small collagenous protein fragments isolated from cartilage, 
we proposed (1, 2) that the pYN1738 insert codes for one of 
the three polypeptide chains of the parent molecule of the 
HMW and LMW collagenous fragments previously isolated 
from pepsin extracts of chicken cartilage (3, 4). 

We now present a detailed analysis both of tryptic peptides 
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and amino-terminal sequences of the subunits of HMW and 
LMW, fractionated after reduction of interchain disulfide 
bridges. Based on this analysis and a comparison with the 
DNA sequences of pYN1738, we conclude that HMW and 
LMW are pepsin -resistant fragments of a unique collagen 
composed of molecules with three different polypeptide chains 
(a -chains). This collagen has been assigned the type number 
IX, and the a-chain encoded by pYNl738 has been given the 
designation al(IX). 

MATERIALS AND METHODS 

Cloning and Nucleotide Sequencing of cDNA— The isolation of 
mRNA from 17-day -old chick sternal cartilage and synthesis of cDNA 
has been described (6). The screening of recombinant clones and the 
characterization of the cDNA clone pYNl738 has been reported (1). 
Nucleotide sequence analysis was performed by the method of Maxam 
and Gilbert (7). 

Isolation and Fractionation of HMW and LM W— Collagens were 
solubilized from chicken sterna by limited pepsin digestion and HMW 
together with LMW were prepared by fractional salt precipitation as 
described previously (3). Isolation of the C2 component of HMW was 
accomplished by molecular sieve chromatography after reduction and 
alkylation of HMW (3, 4). Reduction and alkylation of LMW and 
separation of the three components LMW 1, LMW 2, and LMW 3 
was as described (5). 

Cleavage of Peptides with Trypsin— The peptides were dissolved in 
0.2 M (NH4)HC0 3 at a concentration of 1 mg/ml. Trypsin (Worthing- 
ton) dissolved in water (1 mg/ml) was added to give an en- 
zymeisubstrate ratio of 1:30. After digestion at 37 °C for 4 h, the 
reaction was terminated by addition of a drop of glacial acetic acid. 
The samples were then dried in a Speedvac concentrator (Savant). 

//PLC 1 — The peptides were fractionated as described previously 
(8). The instrument used was from Beck man and consisted of a Model 
334 chromatography a Model 160 UV monitor equipped with a zinc 
lamp and a CRIB data system. The column was C18 Vydac TP 201 
(4.6 x 250 mm) from the Separation Group and it was protected with 
a guard column filled with pellicular C18 phase (Waters). 

Amino Acid Analyses—The samples were hydrolyzed in 6 M HC1, 
containing 0.05% 0-mercaptoethanol, for 20 h under nitrogen. The 
analyses were performed on a Dionex D-500 amino acid analyzer as 
described previously (9). S-Carboxymethylcysteine was estimated by 
using the color factor measured for L-cystine. Tryptophan was not 
quantitated. 

Amino Acid Sequence Analysis— The amino acid sequences were 
determined by automated Edman degradation in a Beckman 890C 
protein/peptide sequenator as previously described (10). The phen- 
ylthiohydantoins of the amino acids were identified by HPLC as 
described by Lazure et aL (11). 

RESULTS 

Strategy for Determination of the Nucleotide Sequence of 
the cDNA pYN1738—kz reported previously (1, 2) the nu- 
cleotide sequence of the 3200-base pair insert of pYNl738 



1 The abbreviation used is: HPLC, high-performance liquid chro- 
matography. 
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shows that the coding strand of the cDNA contains about 150 
adenylic acid residues at the 3' end preceded by about 100 
nucleotides in the 3' nontranalated sequence between the first 
in-phase translation^ stop codon and the poly(A) tail. To 
determine the complete nucleotide sequence, restriction frag- 
ments were labeled using polynucleotide kinase and sequenced 
using the chemical cleavage method of Maxam and Gilbert 
(7). The strategy employed in cleaving the DNA with restric- 
tion endonucleases before end-labeling and the direction in 
which sequences were determined from different sites are 
shown in Fig. 1. As demonstrated in Fig. 1 almost all the 
nucleotide sequences have been determined by reading se- 
quence gels of both strands. 

Comparison between the Nucleotide Sequence of pYN1738 
and Amino Acid Compositions of Tryptic Peptides Derived 

PVN1738 _ 




Ava I . 
Bam HI 
Cla \ 

Hint I " 

Pst I I 
Pvu II 

Sma I * 

Xba i . 

Xho l . 



I 1 1 



5A0 



20.00 



Base Pairs 

1 1 1 ■ 1 1 



3000 

loo 



Amino Acid Residues '000 

Fig. 1. Restriction endonuclease map of the pYN1738 
cDNA insert. The strategy of nucleotide sequencing is indicated 
with vertical bars representing the position of 5' end labeling and the 
arrows showing the direction and length of the sequence analysis. On 
the basis of the DNA sequence analysis, the +1 coordinate was 
assigned to the first nucleotide at the 5' end of the insert. At the 
bottom of the figure the nucleotide/amino acid coordinates are indi- 
cated. 



from LMW— Based on the presence of three collagenous 
domains and several cysteinyl residues within the polypeptide 
chain encoded by the pYNl738 insert, we proposed (1, 2) that 
this polypeptide represents one of the chains of a collagen 
that gives rise to HMW and LMW collagenous fragments 
during pepsin extraction of chicken hyaline cartilage. Support 
for this hypothesis also came from the close agreement be- 
tween the molecular weights of the three collagenous domains 
as predicted from the number of amino acid residues and the 
molecular weights of HMW and LMW. To now provide 
definitive evidence for this identification, we separated the 
three different polypeptide subunits of LMW (LMW 1, LMW 
2, LMW 3) by Cm-cellulose chromatography as described (5). 
Each of the subunits were digested with trypsin and the 
tryptic peptides were separated by HPLC. The amino acid 
compositions of the peptides were determined and compared 
with those predicted for tryptic fragments of the polypeptide 
chain encoded by pYN1738. This comparison clearly demon- 
strates that all the tryptic peptides recovered from LMW 3 
can be found within the DNA-derived sequence. In contrast, 
none of the peptides recovered from the components LMW 1 
and LMW 2 correspond to peptides predicted from the DNA 
sequence. Table I shows the amino acid compositions of the 
tryptic peptides of LMW 3 which could be separated by HPLC 
and the compositions predicted from the DNA sequence. The 
peptides are labeled according to their elution time (in min- 
utes) from the HPLC column. The order in which the peptide 
compositions in Table I are arranged follows the sequence in 
which the peptides occur along the predicted sequence (Fig. 
2). As shown in Table I, peptide 62 contains two internal 
arginyl residues. As can be seen from the sequence of Fig. 2 
this must result from the known resistance of arginyl-prolyl 
peptide bonds to tryptic cleavage (12). A similar resistance 
has been noted for lysyl-hydroxyprolyl bonds (13). This ex- 
plains why peptide 37 contains an internal lysyl residue. 
Peptides 19 and 54 both contain internal hydroxy lysyl resi- 
dues. We believe that the bonds at these residues may be 
resistant to trypsin because of O-glycosylation of the bydrox- 
ylysyl residues (13). Two of the peptide fractions from the 
HPLC analysis of LMW 3, fractions 6 and 5, are breakthrough 



Table I 

Amino acid compositions of tryptic peptides isolated from LMW 3 



Peptide 
fraction 


17 


62 


64 


19 


27 


Cys(Cm) 






0.4 






Hyp 




5.9° 


2.0 




1.0 


Asp + Asn 




1.1 (1) 








Thr 










Ser 


1.0(1)* 


0.5 


0.5 






Glu + Gin 




3.2 (3) 


1.4 (1) 


1.9 (2) 




Pro 




3.8(11) 


1.7 (3) 


0.8(1) 


(1) 


Gly 




10.1 (10) 


5.9 (5) 


3.0 (3) 


2.3 (2) 


Ala 




2.0 (2) 




0.9 (1) 


Val 










Met 












lie 






0.9 (1) 






Leu 


1.0 (1) 


2.0 (2) 


1.6 (2) 






Tyr 










Phe 




1.9 (2) 






1.0(1) 


His 










Hyl 






0.7° 


1.6 




Lys 






(1) 


(2) 




Arg 


1.0(1) 


3.0 (3) 


1.0(1) 


1.0(1) 


1.0 (1) 



30 37 13 56 10 



1.4 (2) 

1.0 2.7 3.6 

1.1 (1) 





1.0 (1) 




1.4 (2) 






1.1 (1) 




2.0 (2) 


2.2 (2) 


1.0 (2) 


(3) 




4.5 (11) 




2.4 (2) 


4.3 (4) 


1.3 (1) 


7.9 (8) 


2.1 (1) 








1.0 (1) 


0.9 (1) 






0.9 (1) 


0.8 (1) 












0.5 (1) 








0.8 (1) 




1.0(1) 


1.0 (1) 










0.9 (1) 




0.8 (1) 






0.8 (1) 








1.0 (1) 


1.0 (1) 


1.0(1) 


1.0 (1) 


1.0 (1) 



sequence. 

* Values in parentheses are calculated from the sequence predicted from pYNl738. 
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CGA AAA GAA CCA ACT GAT CAG CAC ATT AAG CAA GTC TGC ATG AGA 
Gly-Ly8-Glu-Pro-Thr-A8p-Gln-Hia-Ile-Lys»Gln»V«l-Cys-Het-Acg- 

CTC ATG CAA GAA CAA CTC TCT CAG CTG GCA GCC ACT CTT AGC CGC 
val-Met-Cln-Glu-Gln-Leu-Sec-Gln-ucu-Ala-AUjSer-Leu-ArgjArg- 

I 17 + 



-17- 
1801 

CCA GAA TTT GGT GCT CCA GGT CTT CCT GCC CGA CCT GGA CCT CCA 
Pro-Clu-Phe-Gly-Ala-Pro-Gly-Leu-Pro-Gly-Arg»Pro-Cly-Pro-Pco- 
601 

GGT GCT CCA GGG CCT CCT GGG GAA AAT GCT TTC CCA GGA CAG CTT 
Cly-Ala-Pco-Gly-Pro-Pro-Gly-Clu-Asn-Gly-Phe-pro-Cly-Gln-Leu- 



-62- 



1891 



71 

GGG CCC CGT GGC TTC CCT GGC CTT AAA GGT CCT CCT GGT GAG ATC 
Gly-Pro-Arg^Cly-Leo-Pro-Gly-Leu-Lys-Gly-Pco-Pro-Gly-Glu-Ile- 
* 64 

GAA AGG CGA GAA AGA 
Glu-ArgjCly-Clu-Argj 

4— • — 4 



9^G 

GGT CGT AAA GGT CCA AAA GGT GAA CCA GGA 
Gly-AC9|L y B-Gly-Pro-Lys-Gly-Clu-Ala-Gly- 



-10- 



1981 

GGA TTT CCA GGC AGA GGA GTG AAA GGT CTC 
Gly-Phe-Pro-Gly-ArgjGly-Val-LyajGly-Leu- 

6 » 27 _} • 1_ 

CTC CCA GCT GAA CCA GGC AAA CCC AGC TAT 
Leu-Pro-Cly-Clu-Pro-Cly-Lya-Pro-Ser-Tyr- 



CCG GCA CCG AGA GGT 
Pro-Gly-Pro-ArgjGly- 

— 30 * 



-37- 



GGC AGG GAA GGC CGT 
Cly-ArgnClu-Gly-Argj 

4 • f 



2071 

GAT GCT CTA CGA CCT CCC CCT GCG CTG GCC GGT CAG CCT GGG ATT 
Aap-Gly-Val-ArgjGly-Pro-Pro-Gly-val-Ala-Gly-Gln-Pro-Cly-ilc* 

*n — 13 J _ 



CCT GGT CCT CCT GGC CCT CCC CCC CCT CCT GGG TAC TGC GAG CCG 
Pro-Gly-Pco-Pco-Gly-Pro-Pro-Gly-Pro-Pro-Gly-Tyr-CyB-Clu-Pco- 

—66 

2161 

TCG TCT TGC CGA ATG CAG GCT GGA CAC AGA CCT GCT GGT AAG AAC 
Sec-Ser-Cys-ArgxHet-Gln-Ala-Gly-Gln-ArgiAla-Ala-Gly-Lys-Asn- 
721 _$ 10 f 

ATG AAA GGG CCA TGA ATG CCC AAC GCA AAA CTC AC A AAG CAT TAC 
Met-Lys-Cly-Pro- ' 

Fig. 2. Nucleotide/amino acid sequence of part of the a 1 (IX) 
mRNA/chain. Numbers above the nucleotide sequence represent 
coordinates as defined in the legend of Fig. 1; numbers below the 
amino acid sequence define the coordinates of the corresponding 
amino acid residues. The amino acid sequence includes the last three 
residues of the COL 2 domain, all the residues of the NC 2 domain, 
and the residues of the COL 1 and NC 1 domains. Different tryptic 
peptides isolated from LMW 3 by HPLC are indicated by numbers 



fractions of the HPLC column, and they are not included in 
Table I. From amino acid analysis, the composition of fraction 
6 is attributed to a mixture of the three starred tripeptides 
indicated in Fig. 2. Fraction 5 contains methionine, and the 
amino acid composition suggests that the fraction contains 
part of peptide 10 (see Fig. 2) in addition to a contamination 
by fraction 6. Since peptide 10 is localized close to the car- 
boxyl -terminal end of the sequence deduced from pYN1738 t 
the composition of the material in fraction 5 indicates that 
partial cleavage by pepsin occurs within peptide 10. 

Amino- terminal amino acid sequence analysis of the LMW 
3 component by automated Edman degradation provided de- 
finitive proof that LMW 3 is encoded by pYN1738. The 
analysis allowed identification of an amino acid sequence 
through 20 degradation cycles. A minor sequence identical to 
the major sequence but shifted one cycle could also be deduced 
from the analysis. As indicated in Fig. 3 the major and minor 
sequences result from the cleavage at two different sites by 
pepsin during the extraction of LMW collagen from cartilage. 

Identification of Three Different Polypeptide Chains in 
HM W— It was previously reported that HMW collagen could 
be resolved into several components (Cl, C2, C3, and C4) by 
Cm -cellulose chromatography (3, 4). In addition, electron 
microscopical studies of HMW using rotary shadowing 
showed that it consists of rod-like molecules with a short and 
a long arm and a kink between the arms. The data suggest 
that the C3 and C4 components are derived from the same 
polypeptide chain, that C3 and C4 are located within the long 
and short arms of HMW, respectively, and that the C2 com- 
ponent contains the other two polypeptide chains of HMW 



below the amino acid sequence. Note the three tripeptides indicated 
by a star below the amino acid sequence. As discussed in the text 
these three peptides probably represent fraction 6 from the HPLC 
column. The vertical arrow at the left-hand side of peptide 17 indicates 
a peptide bond cleaved by pepsin. The remaining vertical arrows 
below the amino acid sequence indicate peptide bonds cleaved by 
trypsin. 



AMI NO-TERMINAL SEQUENCE ANALYSIS OF LMW 3 



595 600 605 610 615 

pYN 173B -Leu-Ala-Ala-Ser-Leu-Arg-Arg-Pro-Gln-Phe-Gly-Al 



LMW 3 (Major) 
LMW 3 (Minor) 



Ser~Leu-Arg-Arg-Pro-Gln-Phe-Gly-Ala-Hyp-Gly-Leu-Hy^ 
Leu-Arg-Arg-Pro-Gln-Phe-Gly-Ala-Hyi>-Gty 



AMINO-TERMI HAL SEQUENCE ANALYSIS OF THE C2 COMPONENT OF HMW 

80 85 90 

pYN 1738 -Arg-Ile-Ser-Gln.Thr.Val-Ile-Glu-Arg-G^r-Leu-Pro-Gly-Pro-Pro- 



C2 Thr-Val-Ile-Glu-Arg-GXy-Leu-Hyp-Gly-Pro-Hyp- 

FiG. 3. Amino acid sequence analysis of LMW 3 {top) and of HMW C2 (bottom). The corresponding 
sequence for the peptide encoded by pYNl738 is given above each sequence. LMW 3 contained more than one 
sequence. These sequences were shown to correspond to different pepsin cleavage sites of the same peptide. 
Original data for sequencing runs will be made available on request 
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(4). Whether the C2 component represents a single polypep- 
tide sequence or a mixture of different, but closely related 
polypeptides, could not be determined in the earlier studies 
(3, 4). 

When the reduced and alkylated C2 component was sub- 
jected to reverse -phase HPLC it could be separated into two 
peaks of identical areas (Fig. 4), As demonstrated in Fig. 5, 
the patterns of tryptic peptides derived from the two peaks 
differ from each other, as well as from those obtained for the 
components C3 and C4. The material in each of these peaks 
(for convenience now designated C2 and C5 in the description 
and discussion below) was then characterized further by tryp- 
tic peptide mapping using HPLC. 

Comparison between the Nucleotide Sequence of pYN1738 
and Amino Acid Compositions of Peptide Fragments Derived 
from HM W— Tryptic peptides isolated from the components 
C2, C3, C4, and C5 (see above) by HPLC were subjected to 
amino acid analysis. Amino acid analysis of all the peaks 
showed that not all the peaks in the chromatograras (Fig. 5) 
represented pure peptides. However, as shown in Table II, 7 
peptide compositions from the C2 component of HM W could 
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Fig. 4. Separation by HPLC of 170 jig of the C2 (original 
nomenclature) component of reduced and alkylated HMW (3) 
into fragments C2 and C5. The separation was done in the 
presence of 9 mM trifluoroacetic acid (1 g/liter) with an aqueous 
acetonitrile gradient (12.8-44.8%) over 60 min at room temperature. 
The flow rate was 1 ml/min. 



be matched with the DN A -derived compositions. In contrast, 
no peptides recovered from C3, C4, or C5 matched the DNA- 
derived compositions. 

Definitive proof that the C2 component of HMW is encoded 
by the cDNA pYNl738 was obtained from the amino- terminal 
amino acid sequence of C2. The result of this analysis is 
shown in Fig. 3. The amino acid sequence determined for C2 
is clearly identical with the sequence deduced from the nu- 
cleotide sequence of pYNl738 (with the exception of post- 
translational hydroxy lation of prolyl residues). 

DISCUSSION 

Type IX Collagen Contains Three Different Polypeptide 
Chains— As reported previously (5), analysis of tryptic peptide 
maps of subunits isolated from LMW after reduction and 
alkylation suggests that LMW contains three different poly- 
peptide chains. From the analysis of tryptic peptides derived 
from the C2, C3, C4, and C5 components of HMW, reported 
in the present study, we conclude that each of the two triple- 
helical domains within HMW contains three different poly- 
peptide subunits also. Type DC collagen, therefore, must con- 
tain three genetically distinct a-chains. One of these chains, 
al(IX), contains amino acid sequences of the C2 component 
of HMW and of the LMW 3 subunit, and it is encoded by the 
cDNA pYNl738. 

LMW is disulfide-bonded and migrates as a single compo- 
nent on polyacrylamide gel electrophoresis without reduction 
(5). Furthermore, chromatography of denatured, but nonred- 
uced LMW on Cm-cellulose gives a single peak. Analysis of 
material from different fractions within this peak shows that 
the subunit composition of LMW is constant across the peak 
(5). We assume, therefore, that Type IX collagen molecules 
are heterotrimers of chain composition al(IX),a2(IX),a3(IX). 
This is the most likely structure, but the available data do 
not rule out the possibility of a mixture of trimers with 
different chains. 

Type IX Collagen Contains Three Triple- helical Domains— 
The three domains, previously called COL 1, COL 2, and COL 
3 (1, 2), are separated by noncollagenous sequences (Fig. 6). 
Based on the amino acid sequence deduced from the nucleo- 
tide sequence of pYNl738, the lengths of the three domains 
are 137, 339, and 115 amino acid residues, respectively (1). It 
should be noted that because both the COL 1 and COL 3 
domains contain imperfections in the Gly-X-Y triplet struc- 
ture (1), the number of amino acid residues within these two 
domains are not multiples of three. The comparison between 



Fig. 5. HPLC peptide maps of the 
tryptic peptides of HMW fragments 
C2, C3, C4, and C5. The separations 
were done in the presence of 9 mM tri- 
fluoroacetic acid (1 g/liter) with an 
aqueous gradient of acetonitrile (0-32%) 
over 90 min at room tempt Uure. The 
flow rate was 1 ml/min. One- ml fractions 
were collected. 
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HMW collagen probably involve the two cysteinyl residues in 
the noncollagenous sequence NC 3. Involvement of these two 
cysteinyl residues in interchain disulfide bonds may explain 
why the 12-residue sequence of NC 3 in the al(IX) chain is 
resistant to pepsin cleavage. 

Our data do not exclude the possibility that the cysteinyl 
residue found within NC 2 also is part of HMW. This iB 
because we have not located the tryptic peptide at the carboxyl 
end of the C2 component of HMW. Therefore, we do not 
know precisely where pepsin cleaves within the noncollagen- 
ous region NC 2 during pepsin extraction of cartilage (Fig. 6). 

Noncollagenous Terminal Domains in Type IX Collagen Are 
Not Homologous to Amino and Carboxyl Properties of Inter- 
stitial Procollagens— The biosynthetic precursors of Type I, 
II, and III collagens are procollagens with large amino and 
carboxyl noncollagenous domains. For example, pro-al(I) 
chains in Type I procollagen contains an amino propeptide of 
139 residues and a carboxyl propeptide of 246 amino acid 
residues (for review, see Ref. 18). The amino acid sequence of 
the al(IX) chain as deduced from the cDNA clearly shows 
that the terminal noncollagenous domains within the al(EX) 
chain are unrelated to the sequence of such propeptides. The 
carboxyl-terminal noncollagenous domain (NC 1) in al(IX) 
contains only 21 amino acid residues. The amino- terminal, 
noncollagenous domain (NC 4) of orl(IX) contains three cys- 
teinyl residues within 85 amino acid residues as defined by 
the nucleotide sequence of pYNl738. However, since the open 
reading frame extends to the 6' end of the cDNA insert we 
cannot exclude the possibility that NC4 may even be longer 
than 85 amino acid residues. The amino acid sequence of NC 
4 is clearly different from that of amino propeptides of Type 
I, II, and III procollagens. 

Biosynthesis and Processing of Type IX Collagen—The size 
of the al(IX) chain as described here is in agreement with 
estimated molecular weights for subunits of p-HMW and pM 
collagens, precursor molecules isolated from chick embryo 
sternal organ cultures (19, 20). We believe therefore that 
although the sequence deduced from pYNl738 may not in- 
clude the complete amino- terminal region of al(IX) chains 
(see above), the difference between the intact precursor chain 
and the available sequence is probably quite small. 

Whether Type IX collagen is proteolytically processed to a 
smaller form during biosynthesis in cartilage is not known. If 
such processing does occur during the maturation of the 
protein, it probably involves the amino-terminal noncollagen- 
ous domain only. As noted above, the NC 1 domain of al(IX) 
chains contains 21 amino acid residues of which 12 are found 



in pepsin-solubilized LMW. This suggests that little, if any, 
processing occurs at the carboxyl end of the molecule. Pepsin- 
extracted HMW contains a nick between the C3 and C4 
components in one of the three chains of the triple-helical 
molecule (4), and it is possible that this nick is not due to the 
treatment with pepsin, but is the result of some processing 
step during biosynthesis of Type IX collagen. 
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